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LINTRODUC TION 





As a ch¡ild 1n the early 1980s, I tended to talk with things 1n my mouth—food, dentistˆs tubes, balloons 
that would fly away, whatever——and 1fno one else was around, ['d talk anyway. Thịs habit led to my 
fascInation with the periodic table the first time I was left alone with a thermometer under my tongue. 
[ came down with strep throat something like a dozen times 1n the second and third grades, and for 
days on end 1t would hurt to swallow. I didnˆt mind stayIing home from school and medicating myself 
with vamilla 1ce cream and chocolate sauce. BeiIng sick always gave me another chance to break an 
old-fashioned mercury thermormefer, too. 

Lying there with the glass stick under my tongue, [ would answer an Iimagined question out loud, 
and the thermometer would sÏlip from my mouth and shatter on the hardwood floor, the liquid mercury 
1n the bulb scattering like ball bearings. ÀA minute later, my mother would drop to the floor despite her 
arthritic hip and begin corralling the balls. Using a toothpick like a hockey stick, she”d brush the 
supple spheres toward one another until they almost touched. Suddenly, with a final nudge, one sphere 
would gulp the other. A single, seamless ball would be left quivering where there had been two. 
Sheˆd repeat this magic trick over and over across the floor, one large ball swallowing the others 
until the entire silver lentil was reconstructed. 

Once sheˆd gathered every bit of mercury, she”d take down the green-labeled plastic pIll bottle 
that we kept on a knickknack shelf 1n the kitchen between a teddy bear with a fishing pole and a blue 
ceramic mug from a 1985 family reumon. After rolling the ball onto an envelope, sheˆd carefully pour 
the latest thermometer s worth of mercury onto the pecan-sized glob 1n the bottle. Sometimes, before 
hiding the bottle away, she”d pour the quicksilver 1nto the lid and let my siblings and me watfch the 
futuristic metal whisk around, always splitting and healing 1tself fawlessly. I felt pangs for children 
whose mothers so feared mercury they wouldnˆt even let them eat tuna. Medieval alchemists, despIte 
therr lust for gold, considered mercury the most potent and poetic substance In the unIiverse. As a 
child I would have apreed with them. I would even have believed, as they did, that 1t transcended 
pedestrian categories of liquid or solid, metal or water, heaven or hell; that 1t housed otherworldly 
SPITIfS. 

Mercury acts this way, I later found out, because 1t 1s an element. Unlike water (HO), or carbon 
dioxide (CO2), or almost anything else you encounter day to day, you camnot naturally separate 


mercury 1nto smaller umts. In fact, mercury 1s one ofthe more cultish elemernfs: 1s atoms want to keep 
company only with other mercury atoms, and they minimize contact with the oufside world by 
crouching Into a sphere. Most liquids I spilled as a chỉld weren't like that. Water tumbled all over, as 
đid o1l, vinegar, and unset Jell-O. Mercury never left a speck. My parenfs always warned me to wear 
shoes whenever I dropped a thermometer, to prevent those 1nvIsible glass shards from getting Into my 
feet. But I never recall warnings about stray merCury. 

For a long time, I kept an eye out for element eIghty at school and 1n books, as you might watch for 
a childhood friend's name 1n the newspaper. [m from the Great Plains and had learned 1n history 
class that Lew1Is and Clark had trekked throuph South Dakota and the rest of the LouIsiana TerrItory 


with a microscope, compasses, sextants, three mercury thermometers, and other 1nstrumernts. What I 
didnˆt know at first 1s that they also carried w1th them six hundred mercury laxatIves, each four times 
the size of an asprrin. The laxatives were called Dr. Rush's Bilious PIlls, afer Benjamin Rush, a 
sipner of the Declaration of Independence and a medical hero for bravely staying 1n Philadelphia 
during a yellow fever epIdemnc In 1793. His pet treatment, for any disease, was a mercury-chloride 
sludge admimistered orally. DespIte the progress medicine made overall between 1400 and 1500, 
doctors 1n that era remained closer to medicine men than medical men. With a sort of sympathetic 
magic, they figured that beautiful, alluring mercury could cure patients by bringing them to an ugÌy 
CrISIS—pOIson fighting poison. Dr. Rush made patlents ingest the solution until they drooled, and 
often peopleˆs teeth and haiIr fell out after weeks or months of continuous treatmert. His “cure” no 
doubt poIsoned or outripht killed swaths of people whom yellow fever mipht have spared. Even so, 
having perfected his treatment 1n Philadelphia, ten years later he sent Meriwether and WIlliam off 
with some prepackaged samples. As a handy side efect, Dr. Rush's pIlls have enabled modern 
archaeologIsfs to track down campsites used by the explorers. With the weird food and questionable 
water they encounfered 1n the wild, someone 1n their party was always queasy, and to this day, 
mercury depostts dot the soil many places where the gang dug a latrine, perhaps afler one of Dr. 
Rushˆs “Thunderclappers” had worked a little too well. 

Mercury also came up 1n scIence class. When first presented with the Jumble of the periodic table, 
I scamned for mercury and couldn't find 1t. It 1s there—between gold, which 1s also dense and soff, 
and thallium, which 1s also poIsonous. But the symbol for mercury, Hg, consists of two letters that 
donˆt even appear In I1fs name. Unraveling that mystery—It's from hydragyrum, Latin for “water 
silver”——helped me understand how heavily ancIent languages and mythology Influenced the perIlodIc 
table, something you can stIll see 1n the Latin names for the newer, superheavy elements along the 
boftom row. 

I found mercury In literature class, too. Hat manufacturers once used a bright orange mercury wash 
to separate fur from pelfs, and the common hatters who dredged around In the steamy vats, like the 
mad one 1nAi/ce in Wfonderland, gradually lost their hair and wits. Eventually, I realized how 
poIsonous mercury 1s. That explained why Dr. Rush's Bilious PIlls purged the bowels so well: the 
body will rid 1tself of any polson, mercury 1ncluded. And as toxic as swallowing 1merCUrV 1S, 1fS 
fumes are worse. They fray the “wires” 1n the central nervous system and burn holes 1n the brain, 
much as advanced AlzheImerˆs disease does. 

But the more I learned about the dangers of mercury, the more——like WIilliam Blake”s ““Iygerl 
Tyger! burning bright——tts destructive beauty attracted me. Over the years, my parenfts redecorated 
their kitchen and took down the shelf with the mug and teddy bear, but they kept the kmckknacks 
together In a cardboard box. Ôn a recent vIsit, I dug out the green-labeled bottle and opened 1t. Tilting 
1t back and forth, I could feel the weight 1nside sÏiding In a circle. When I peeked over the rIm, my 
eyes fixed on the tiny bits that had splashed to the sides of the main channel. They Just sat there, 
ølistening, like beads of water so perfect you °d encounter them only 1n fantasies. All throughout my 
childhood, I associated spilled mercury with a fever. This time, knowing the fearful symmetry of 
those little spheres, I felt a chill. 


From that one elemert, I learned history, etymology, alchemy, mythology, literature, poIson forensIcs, 
and psychology.Š And those werent the only elemental stories I collected, especlally after I 
Immersed myself1n sclentific studies in colleøe and found a few professors who gladly set aside theIr 
research for a little sclence chitchat. 

As a physIcs maJor w1th hopes of escaping the lab to write, I felt miserable among the serIous and 
øifted young scIentists 1n my classes, who loved trial-and-error experImenfs 1n a way I never could. Ï 
stuck out five frigid years in Mimnesota and ended up with an honors degree 1n physics, but despIte 
spending hundreds of hours 1n labs, despIte memor1zIng thousands of equations, despIte draw1Ing fens 
of thousands of diaprams with frictionless pulleys and ramps—my real education was In my 
professorsˆ stories. Storles about Gandhi and Godzilla and a eupenicIst who used germanium to steal 
a Nobel Prize. About throwing blocks of explosIve sodIum 1nfo rivers and killing fish. About people 
suffocating, quite blissfully, on nitrogen øas 1n space shutfles. About a former professor on my campus 
who would experiment on the plutonum-powered pacemaker /⁄side his own chesf, speeding 1t up 
and slowing 1t down by standing next to and fiddling with giant magnetIc coIÏÌs. 

[I latched on to those tales, and recently, while reminiscing about mercury over breakfast, I 
realized that thereˆs a fumny, or odd, or chilling tale attached to every element on the periodic table. 
At the same time, the table 1s one of the great Intellectual achievemenfs of humankind. It's both a 
sclentific accomplishment and a storybook, and I wrote this book to peel back all of 1ts layers one by 
one, like the transparenclIes 1n an anatomy textbook that tell the same story at different depths. At 1s 
simplest level, the perlodic table catalogs all the different kinds of matter In our universe, the 
hundred-odd characters whose headstrong personalities øIve r1se to everything we see and touch. The 
shape of the table also øIves us scIentific clues as to how those personalitles mingle w1th one another 
1n crowds. On a slightly more complicated level, the perlodic table encodes all sorts of forensic 
1nformation about where every kind of atom came from and which atoms can fragment or mufafe 1nto 
different atoms. These atoms also naturally combine Into dynamic systems like living creafures, and 
the periodic table predicts how. It even predicts what corrIdors of nefarIous elemenfs can hobble or 
destroy living things. 

The perlodic table 1s, finally, an anthropologtical marvel, a human artifact that reflects all of the 
wonderful and artful and ugly aspects of human beings and how we 1nteract with the physical world 
—the history of our specIes written 1n a compact and elegant scrIpt. It deserves study on each of these 
levels, starting with the most elementary and moving gradually upward 1n complexIty. And beyond 
Just entertaining us, the tales of the periodic table provide a way of understanding 1t that never 
appears 1n texfbooks or lab manuals. We eat and breathe the periodic table; people bet and lose huge 
sums on 1f†; philosophers use 1t to probe the meaning of sclence; 1t poIsons people; 1t spawns wars. 
Between hydrogen at the top left and the man-made 1mpossibilitles lurking along the bottom, you can 
find bubbles, bombs, money, alchemy, petty politics, history, poison, crime, and love. Even some 
SCI€nce. 


* This and all upcoming asterIsks refer to the Notes and Errata section, which begins on here and 
conftinues the discussion of varIous 1nteresting points. Also, 1f you need to refer to a perlodic table, 
see here. 
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'When most people think ofthe periodic table, they remember a chart hanging on the front wall of their 
hiph school chemnistry class, an asymmetric expanse of columns and rows looming over one of the 
teacher ˆs shoulders. The chart was usually enormous, sIx by four feet or so, a size both daunting and 
appropriafe, ø1ven 1fs 1mportance to chemnstry. It was 1ntroduced to the class 1n early September and 
was sfIll relevant 1n late May, and 1t was the one pIece of scIentific Information that, unlike lecture 
nofes or texfbooks, you were encouraged to consult during exams. Of course, part of the frustration 
you mieht remember about the periodic table could flow from the fact that, despite 1ts beIng freely 
available to fall back on, a gigantic and fully sanctioned cheat sheet, 1t remained less than frickin 
helpful. 

Ơn the one hand, the periodic table seemed orgamized and honed, almost German engineered for 
maximum scIentific utility. On the other hand, 1t was such a Jumble of long numbers, abbreviatlons, 
and what looked for all the world like computer error messages ([Xe]6s24f5d}), it was hard not to 
feel anxIous. And althoupgh the periodic table obvIously had something to do with other scIences, such 
as bloloøgy and physics, 1t wasnt clear what exactly. Probably the bigsgest frustratlon for many 
students was that the people who gø/ the periodic table, who could really unpack how 1t worked, 
could pull so many facts from 1t with such dweeby nonchalance. It was the same 1rritation colorblind 
people must feel when the fully sipghted find sevens and nines lurkIng 1nside those parti-colored dot 
diagrams—crucial but hidden 1nformation that never quite resolves 1†self into coherence. People 
remember the table wIth a mix of fascInation, fondness, Inadequacy, and loathing. 

Before IntroducIng the periodic table, every teacher should strip away all the clutter and have 
studenfs Just stare at the thing, blank. 








What does 1t look like? Sort of like a castle, with an uneven main wall, as 1f the royal masons 
hadn”t quite finished building up the leff-hand side, and tall, defensive turrets on both ends. It has 
eIphteen Jagged coluams and seven hor1zontal rows, w1th a “landing striIp” oftwo extra rows hangIng 


below. The castle 1s made of “bricks,” and the first non-obvious thing about 1t 1s that the bricks are 
not Interchangeable. Each brIck 1s an elemenf, or type of substance (as of now, I12 elements, with a 
few more pending, make up the table), and the entire castle would crumble 1f any of those bricks 
didn”t sit exactly where 1t does. That*s no exaggeratlon: 1Ý scIentists determined that one element 
somehow ft Into a different sÏot or that two of the elemenfs could be swapped, the entire edifice 
would tumble down. 

Another architectural curlostty 1s that the castle 1s made up of different materials In different 
areas. That 1s, not all the bricks are made of the same substance, nor do they have the same 
characterIstIcs. Seventy-five percent of the bricks are metals, which means most elements are cold, 
gray solids, at least at temperatures human beIngs are used to. A few columms on the easfern side 
confain øases. Only two elemenfs, mercury and bromine, are liquids at room temperature. In between 
the metals and gases, about where Kentucky sits on a U.S. map, lie some hard-to-define elemerts, 
whose amorphous nature øIves them Inferesting properties, such as the ability to make acids billions 
oftimes stronger than anything locked up 1n a chemical suppÌy room. Overall, 1f each brick was made 
Of the substance 1t represerted, the castle of the elements would be a chimera with additions and 
wines from Incongruent eras, or, more charitably, a Damiel Libeskind building, with seemingly 
incompatible mater1als erafted together Into an elegant whole. 

The reason for lingering over the blueprints of the castle walls 1s that the coordinates of an 
element determine nearly everything sclentifically Interesting about 1t. For each element, 1ts 
øeography 1s 1fs destiny. In fact, now that you have a sense of what the table looks like 1n outline, I 
can swItch to a more useful metaphor: the periodic table as a map. And to sketch 1n a bit more detaIl, 
Em going to plot this map from east to west, lingering over both well-known and out-of-the-way 
elemernts. 

FIirst up, 1n colunm eiphteen at the far ripht-hand side, 1s a set of elements known as the noble 
gases. Nobile 1s an archaic, funny-sounding word, less chemnstry than ethics or philosophy. And 
indeed, the term “noble øases” goes back to the birthplace of Western philosophy, anclent Greece. 
There, after his fellow Greeks LeucIppus and Democritus 1nvented the Idea of atoms, Plato minted the 
word “elements” (in Greek, s/o/cheia) as a general term for different small particles of matter. Plato 
—who left Athens for his own safety after the death of his mentor, Socrates, around 400 BC and 
wandered around writing philosophy for years—of course lacked knowledge of what an element 
really 1s 1n chemistry terms. But 1f he had known, he no doubt would have selected the elements on the 
easfern edøe of the table, especially helium, as hIs favor1Ifes. 

In his dialogue on love and the erotic, 75c Symosium, Plato claimed that every being longs to 
find 1fs complement, 1ts missing half. When applied to people, this Implles passion and sex and all the 
troubles that accompany passion and sex. In addition, Plato emphasized throughout hs dialogues that 
abstract and unchanging things are Intrinsically more noble than things that grub around and 1nteract 
with gøross matter. This explains why he adored geometry, with 1ís Idealized circles and cubes, 
obJects perceptible only to our reason. For nonmathematical obJects, Plato developed a theory of 
“forms,” which argued that all obJects are shadows of one ideal type. All trees, for 1nstance, are 
1mperfect coples of an Ideal tree, whose perfect “tree-ness” they aspIre to. The same with fish and 
“fish-ness” or even cups and “cup-ness.” Plato believed that these forms were not merely theoretical 
but actually existed, even 1f they floated around 1n an empyrean realm beyond the direct perception of 
humans. He would have been as shocked as anyone, then, when scIentists began conjuring up 1deal 
forms on earth with helium. 

In 1911, a Dutch-German scIentist was cooling mercury with liquid helium when he discovered 


that below —452°F the system lost all electrical resistance and became an Ideal conductor. Thịs 
would be sort of like cooling an 1Pod down to hundreds of degrees below Zero and finding that the 
battery remaIned fully charged no matter how long or loud you pÏlayed music, until inñmty, as long as 
the helium kept the circuitry cold. A Russian-Canadian team pulled an even neater trick 1n 1937 with 
pure helium. When cooled down to —456°E, helium turned 1nto a superfluid, with exactly zero 
VISCOSIfy and zero resistance to flow—perfect fluidness. Superfluid helrum defiles øravity and flows 
uphill and over walls. At the time, these were flabbergasting finds. ScIentists offen fudge and pretend 
that effects like friction equal zero, but only to simplify calculations. Not even Plato predicted 
someone would actually find one of his 1deal forms. 

Helium 1s also the best example of “element-ness”——a substance that camnot be broken down or 
altered by normal, chemical means. It took sclentists 2,200 years, from Creece 1n 400 BC to Europe 
in 1800 AD, to prasp what elements really are, because most are too changeable. It was hard to see 
what made carbon carbon when 1t appeared 1n thousands of compounds, all with different properties. 
Today we would say that carbon dioxide, for 1nstance, 1snt an element because one molecule of 1t 
divides Into carbon and oxygen. But carbon and oxygen are elements because you camnot divide them 
more finely w1thout destroying them. Returning to the theme of The Symposium and Platoˆs theory of 
erotic longing for a missing hal£, we find that virtually every element seeks out other atoms fo form 
bonds with, bonds that mask 1fs nature. Even most “pure” elements, such as oxygen molecules 1n the 
air (O›), always appear as composIftes 1n nature. Yet scientists mipht have figured out what elemenfts 


are much sooner had they known about helium, which has never reacted with another substance, has 
never been anything but a pure elemert.Š 

Helium acts this way for a reason. All atoms contain negative particles called electrons, which 
reside 1n different tiers, or energy levels, inside the atom. The levels are nested concertrically Inside 
each other, and each level needs a certain number of electrons to fill 1tself and feel satisfied. In the 
innermost level, that number 1s two. In other levels, 1ts usually eipht. Elements normally have equal 
numbers of negative electrons and positive particles called protons, so theyˆre electrically neutral. 
Electrons, however, can be freely traded between atoms, and when atoms lose or gan electrons, they 
form charged atoms called 1ons. 

What's Important to know 1s that atoms fill their Imner, lower-energy levels as full as possIble 
with their own electrons, then either shed, share, or steal electrons to secure the rIght number 1n the 
outermost level. Some elements share or trade electrons diplomatically, while others act very, very 
nasty. That's half of chemistry In one sentence: atoms that donˆt have enouph electrons 1n the outer 
level wIll fipht, barter, beg, make and break alliances, or do whatever they must to get the ripht 
number. 

Helium, element two, has exactly the number of electrons 1t needs to fill 1ts only level. Thịs 
“closed” configuration gives helium tremendous 1ndependence, because 1t doesnˆt need to 1nteract 
with other atoms or share or steal electrons to feel satisfied. Helium has found 1ts erotic complement 
1n 1fself. What's more, that same configuration extends down the entire eIphteenth column beneath 
helium—the gases neon, argon, krypton, xenon, and radon. All these elements have closed shells with 
full complements of electrons, so none of them reacts with anything under normal conditions. That”s 
why, desplte all the fervid activity to 1dentify and label elements In the 1800s—including the 
development of the periodic table 1tselF no one 1solated a single gas from column eighteen before 
1895. That aloofness from everyday experlence, so like his ideal spheres and triangles, would have 
charmed Plato. And 1t was that sense the scIentists who discovered helium and 1ts brethren on earth 
Were fryIng to evoke with the name “noble gases.”” Or to put 1t 1n Plato-like words, “He who adores 


the perfect and unchangeable and scorns the corruptible and Ignoble will prefer the noble gases, by 
far, to all other elemerfs. For they never vary, never waver, never pander to other elements like hoi 
polloI offering cheap wares 1n the marketplace. They are 1ncorruptible and 1deal.” 

The repose ofthe noble gøases 1s rare, however. One columm to the west sIfs the mosft energetic and 
reacfive øases on the periodic table, the halogens. And 1f you think of the table wrapping around like 
a Mercator map, so that east meets west and columm eighteen meets columm one, even more violent 
elemenfs appear on the western edge, the alkali metals. The pacifist noble øases are a demnlitarIzed 
zone surrounded by unstable neIghbors. 

Despite being normal metals In some ways, the alkalis, Instead of rusting or corroding, can 
sponftaneously combust In aIr or water. They also form an alliance of1nterests w1th the halogen gases. 
The halogens have seven electrons 1n the oufer layer, one short of the octet they need, while the 
alkalis have one electron 1n the outer level and a full octet in the level below. So 1s natural for the 
latter to dump thetr extra electron on the former and for the resulting posifIve and negative 1ons fo 
form strong links. 

This sort of linking happens all the time, and for this reason electrons are the most 1mportant part 
ofan atom. They take up virtually all an atom's space, like clouds sw1rling around an atom's compact 
core, the nucleus. That”s true even thouph the componenfs ofthe nucleus, protons and neutrons, are far 
bIigger than 1ndividual electrons. If an atom were blown up to the s1ze ofa sports stadIum, the proton- 
rich nucleus would be a tenms ball at the fifty-yard line. Electrons would be pinheads flashing around 
1E—but flying so fast and knocking Into you so many times per second that you wouldnˆt be able to 
enter the stadium: theyˆd feel like a solid wall. As a result, whenever atoms touch, the buried nucleus 
1s mute; only the electrons matter.* 

One quick caveat: Dont get too affached to the Image of electrons as discrete pIinheads flashing 
about a solid core. Or, 1n the more usual metaphor, don”t necessarily think of electrons as planets 
circling a nucleic sun. The planet analogy 1s useful, but as with any analogy, 1t's easy to take too Íar, 
as some renowned scIentists have found out to their chagrIn. 

Bonding between Ions explains why combinations of halogens and alkalis, such as sodium 
chloride (table salt), are common. SIimilarly, elements from columms with two extra electrons, such as 
calcium, and elemenfs from columms that need two extra electrons, such as oxygen, frequently align 
themselves. It°s the easlest way to meet everyone”s needs. Elemenfts from nonrecIprocal colummns also 
match up according to the same laws. Two ions of sodium (Na”) take on one ofoxygen (O2) to form 
sodium oxide, Na›;O. Calcium chloride combines as CaC]›; for the same reasons. Overall, you can 


usually tell at a glance how elements will combine by noting their colunmm numbers and figuring out 
theIr charges. The pattern all falls out of the tableˆs pleasing left-right symmectry. 

Unfortunately, not all of the periodic table 1s so clean and neat. But the raggedness of some 
elemenfs actually makes them 1nteresting places †o vIsIt. 


There”s an old Joke about a lab assistant who bursfs Into a sclentists office one morning, hysterical 
with Joy desplte a nipht of uninterrupted work. The assistant holds up a fizzIng, hissing, corked bottle 
Of øreen liquid and exclaims he has discovered a universal solvent. HIs sanguine boss peers at the 
bottle and asks, “And what 1s a universal solvent?” 'The assistant sputters, “An acid that dissolves all 


substances!” 

Affter considering this thr1lling news——not only would this universal acid be a sclentific mracle, 1t 
would make both men billionatres——the scI1enfist replies, “How are you holding 1t 1n a glass bottle?” 

IỨs a good punch line, and 1t easy to Imagine Cilbert LewIs smiling, perhaps polIgnanty. 
Electrons drive the periodic table, and no one did more than LewIs to elucidate how electrons behave 
and form bonds 1n atoms. His electron work was especially 1lluminating for acids and bases, so he 
would have apprecIated the assistant's absurd claim. More personally, the punch line might have 
reminded LewIs how fickle scIentific glory can be. 

A wanderer, LewIs ørew up 1n Nebraska, attended college and graduate school 1n Massachusetts 
around 1900, and then studied 1n Germany under chemist Walther Nernst. Life under Nernst proved so 
miserable, for legitimate and merely perceived reasons, that LewIs returned to Massachusetfs for an 
academic post after a few months. That, too, proved unhappy, so he fled to the newly conquered 
Philippines to work for the U.S. governmert, taking with him only one book, Nernst's 7heorefical 
Chemisfry, so he could spend years rooting out and obsessively publishing papers on every quIbbling 
€rror.Š 

Eventually, LewIs prew homesIck and settled at the Dniversity of Califorma at Berkeley, where, 
over forty years, he built Berkeley's chemistry department Into the world”s best. Though that may 
sound like a happy ending, 1t wasn”t. The singular fact about LewlIs 1s that he was probably the best 
scIentist never to w1n the Nobel Prize, and he knew 1t. No one ever receIved more nominations, but 
his naked ambition and a trail of disputes worldwide poIsoned his chances of getting enough votes. 
He soon began resigming (or was forced tfo resign) from presfigIous posfts 1n protest and became a 
bitter hermIt. 

Apart from personal reasons, LewIs never secured the Nobel Prize because his work was broad 
rather than deep. He never discovered one amazIng thing, something you could point to and say, 
Wow! Instead, he spent his life refining how an atom's electrons work In many contexts, especially 
the class of molecules known as acids and bases. In general, whenever atoms swap electrons to break 
or form new bonds, chemists say they°ve “reacted.” Acid-base reactlons offer a sfark and ofien 
violent example of those swaps, and LewIs's work on acIds and bases did as much as anyone”s to 
show what exchanging electrons means on a submicroscopIc level. 

Before about 1890, sclentists Judged acids and bases by tasting or dunking thetr fingers In them, 
not exactly the safest or most reliable methods. WIthin a few decades, scIenfists realized that acIds 
Were In essence profon donors. Many acIds contain hydrogen, a simple element that consIsfs of one 
electron circling one proton (that's all hydrogen has for a nucleus). When an acid like hydrochloric 
acid (HCI) mixes with water, ¡it fssures into H” and CI”. Removing the negative electron from the 
hydrogen leaves just a bare profon, the H”, which swims away on its own. Weak acids like vinegar 
pop a few protons 1nto solution, while strong acids like sulfuric acid flood solutions w1Ith them. 

Lewis decided this defintion of an acid limited sclentists too mụch, since some subsfances act 
like acids without relying on hydrogen. So Lewis shifled the paradigm. Instead ofsaying that H” splits 
off, he emphasized that Cl absconds with 1ts electron. Instead of a proton donor, then, an acid 1s an 
electron thief. In contrast, bases such as bleach or lye, which are the opposites of acIds, mipht be 
called electron donors. These defimtions, 1n addition to beIng more general, emphasIze the behavior 
ofelectrons, which fits better with the electron-dependent chemistry of the perlodIc table. 

Although Lew1s laid this theory out In the 1920s and 1930s, scIentistfs are still pushing the edge of 
how strong they can make acids using his Ideas. Acid strength 1s measured by the pH scale, with 





lower numbers beIng stronger, and 1n 2005 a chemist from New Zealand Invented a boron-based acid 
called a carborane, with a pH of —1§. To put that In perspective, water has a pH of 7, and the 
concertrated HCTI 1n our stomachs has a pH of I1. But according to the pH scale”s unusual accounting 
methods, droppIng one umt (e.g., from 3 to 4) boosfs an acId”s strength by ten times. So moving from 
stomach acid, at I, to the boron-based acid, at —1§, means the latter 1s ten billion billion times 
stronger. That”s roughly the number ofatoms 1t would take to stack them to the moon. 

There are even worse acIds based on antimony, an element with probably the most colorful 
history on the periodic table.Š Nebuchadnezzar, the king who built the Hanging Gardens of Babylon In 
the sixth century BC, used a noxIous antimony-lead mix to paInt his palace walls yellow. Perhaps not 
coIncidertally, he soon went mad, sleeping outdoors 1n fields and eating grass like an ox. Around that 
same time, Egyptian women were applying a different form of antimony as mascara, both to decorate 
their faces and to give themselves witchlike powers to cast the evIl eye on enemies. Later, medieval 
monks—not to mention Isaac Newton—gprew obsessed with the sexual propertiles of antimony and 
decided this half metal, half1nsulator, neither one thing nor the other, was a hermaphrodite. Animony 
pIlls also won fame as laxatives. Unlike modern pIlls, these hard antimony pIlls didnˆt dissolve 1n the 
Intestines, and the pills were considered so valuable that people rooted through fecal matter to 
retrleve and reuse them. Some lucky families even passed down laxatives from father to son. Perhaps 
for this reason, antimony found heavy work as a medicine, although 1s actually toxic. Mozart 
probably died from taking too much to combat a severe Íever. 

ScIenfists eventually got a better handle on antimony. By the 1970s, they realized that 1ts ability to 
hoard electron-greedy elements around 1t†self made 1t wonderful for building custom acids. The results 
were as astounding as the helium superfluids. Mixing antimony pentafluoride, SbFs, with hydrofluorIc 


acid, HE, produces a substance with a pH of—31. This superacid 1s 100,000 billion billion billion 
times more potent than stomach acid and wIll eat throuph glass, as ruthlessly as water throuph paper. 
You couldn”t pick up a bottle of 1t because affer 1t ate throuph the bottle, it would dissolve your hand. 
To answer the professor 1n the Joke, 1s stored 1n specIal Teflon-lined contaIners. 

To be honest, though, calling the antimony mix the world”s strongest acid 1s kind of cheating. By 
themselves, SbFs (an electron thief ) and HE (a proton donor) are nasty enough. But you have to sort 


of multiply theIr complemenftary powers together, by mixing them, before they attain superacid status. 
They re strongest only under contrived circumstances. Really, the strongest solo acid 1s still the 
boron-based carborane (HCB;¡;C]¡¡). And this boron acId has the best punch line so far: It 


simultaneously the world”s strongest anđ genfiesf acid. To wrap your head around that, remember 
that acids split inio posifive and negafive parts. In carborane”s case, you get H” and an elaborate 
cagelike structure formed by everything else (CB¡:CH¡; ). With most acIds 1f's the negative portion 


thats corrosive and caustic and eats throuph skin. But the boron cage forms one of the most stable 
molecules ever 1nverfed. Its boron atoms share electrons so øenerously that 1t practically becomes 
helium, and 1t won”t go around rIppIng electrons from other atoms, the usual cause ofacIdIc carnage. 
So what”s carborane good for, 1f not dissolving ølass bottles or eating throupgh bank vaults? It can 
add an octane kick to gasoline, for one thing, and help make vitamins digestible. More 1mportant 1s 1fS 
use 1n chemical “cradling.” Many chemical reactions 1nvolving protons arent clean, quick swaps. 
They require multiple steps, and protons get shuttled around 1n millionths ofbillionths of seconds——so 
quickly scIenftists have no 1dea what really happened. Carborane, though, because 1t's so stable and 
unreactive, will flood a solution with protons, then freeze the molecules at cruclal 1ntermediate 
poInts. Carborane holds the 1ntermediate specles up on a soft, safe pillow. In contrast, antimony 


superacids make terrible cradles, because they shred the molecules sclentists most want to look at. 
LewIs would have enjoyed seeing this and other applicatlons of his work with electrons and acids, 
and 1t mipht have briphtened the last dark years of his life. Althouph he dịd government work during 
World War I and made valuable contributions to chemistry until he was 1n his sixties, he was passed 
over for the Manhattan ProJect during World War II. Thịs galled hìm, since many chemnsts he had 
recruifed to Berkeley played 1mportant roles 1n building the first atomic bomb and became national 
heroes. In contrast, he puttered around during the war, reminiscing and wrifting a wIstful pulp novel 
about a soldier. He died alone 1n his lab in 1946. 

There”s general apreemert that aftler smoking twenfty-some cigars per day for forty-plus years, 
LewIs died ofa heart attack. But 1t was hard not to notice that his lab smelled like bitter almonds——a 
sign of cyamide gas—the affternoon he died. Lew1Is used cyamide 1n his research, and 1f's possible he 
droppcd a canister of 1t after going 1nto cardiac arrest. Then again, LewIs had had lunch earlier 1n the 
day—a lunch heˆ*d 1mtially refused to attend——with a younger, more charIsmatic rIival chemist who 
had won the Nobel Prize and served as a special consultant to the Manhattan ProJect. Itˆs always been 
1n the back of some people”s minds that the honored colleague mipht have unhinged Lewls. If that”s 
true, his facility wIth chemnstry might have been both convenient and unfortunate. 


In addition to reactive metals on 1fs west coast and halogens and noble gases up and down Ifs eastf 
coast, the perlodic table contains a “great plains” that stretches ripht across 1fs middle——columns 
three throuph twelve, the transitlon metals. To be honest, the transition metals have exasperating 
chemnstry, so 1s hard to say anything about them generally—except be careful. You see, heavier 
atoms like the transition metals have more flexIbility than other atoms 1n how they store theIr 
electrons. Like other atoms, they have different energy levels (designated one, two, three, efc.), with 
lower energy levels buried beneath higher levels. And they also fight other atoms to secure full outer 
enerey levels w1th eIght electrons. Figuring out what counts as the outer level, however, 1s trIckIer. 

As we move hor1zontally across the periodic table, each element has one more electron than 1fs 
neighbor to the left. Sodium, element eleven, normally has eleven electrons; magnesium, element 
twelve, has twelve electrons; and so on. As elemenfs swell In size, they not only sort electrons Into 
energy levels, they also store those electrons In different-shaped bunks, called shells. But atoms, 
being unimaginative and conformnst, fill shells and energy levels In the same order as we move 
across the table. Elementfs on the far left-hand side of the table put the first electron 1n an s-shell, 
which 1s spherical. Is small and holds only two electrons——which explains the two taller colunms 
on the left side. After those first two electrons, atoms look for something roomrer. Jumping across the 
gap, elements 1n the columms on the riphf-hand side begin to pack new electrons one by one 1nfo a p- 
shell, which looks like a misshapen lung. P-shells can hold six electrons, hence the six taller columns 
on the ripht. Notice that across each row near the top, the two s-shell electrons plus the six p-shell 
electrons add up to eight electrons tofal, the number most atoms want 1n the outer shell. And except 
for the self-satisfied noble gases, all these elements” outer-shell electrons are available to dump onto 
or react with other atoms. These elemenfs behave 1n a logical mamner: add a new electron, and the 
atom”s behavior should change, since 1t has more electrons avaIlable to participate 1n reactIons. 

Now for the frustrating part. The transition metals appear 1n colummns three throuph twelve of the 
fourth through seventh rows, and they start to file electrons 1nto what are called d-shells, which hold 
ten electrons. (D-shells look like nothing so mụch as misshapen balloon animals.) Based on what 
every other previous element has done with 1ts shells, youˆd expect the transition metals to put each 


extra d-shell electron on display In an outer layer and for that extra electron to be avallable for 
reactions, too. But no, transitlon metals squirrel theIr extra electrons away and prefer to hide them 
beneath other layers. The decIsion of the transition mefals to violate convention and bury thetr d-shell 
electrons seems ungaInly and counterintuifive——Plato would not have liked 1t. Its also how nature 
works, and there”s not mụch we can do about It. 

There”s a payoff to understanding this process. Normally as we move hor1zonfally across the 
table, the addition of one electron to each transition metal would alter 1ts behavior, as happens with 
elements In other parts of the table. But because the metals bury their d-shell electrons In the 
equivalent of false-bottomed drawers, those electrons end up shielded. Other atoms trying to react 
with the metals camnot get at those electrons, and the upshot 1s that many mefals In a row leave the 
same number of electrons exposed. They therefore act the same way chemically. Thats why, 
scIentifically, many metals look so 1ndistinguishable and act so 1ndistinguishably. Theyˆre all cold, 
øray lumps because their outer electrons leave them no choIce but to conform. (Of course, Just to 
confuse thingøs, sometimes buried electrons do rise up and react. Thats what causes the slipht 
differences between some mefals. That”s also why theIr chemistry 1s so exasperating.) 

F-shell elements are similarly messy. F-shells begin to appear 1n the first of the two free-floating 
rows of metals beneath the periodic table, a øroup called the lanthamdes. (Theyˆre also called the 
rare earths, and according to theIr atomic numbers, fifty-seven throuph seventy-one, they really belong 
1n the sixth row. They were relegated to the bottom to make the table skinmer and less unwIeldy.) The 
lanthamdes bury new electrons even more deeply than the transitlon metals, offten two energy levels 
down. This means they are even more alike than the transition metals and can barely be distinguished 
from one another. Moving along the row 1s like driving from Nebraska to South Dakota and not 
real1zIng you ve crossed the state line. 

IUs Iimpossible to find a pure sample of a lanthamde 1n nature, since 1ts brothers always 
confamnnate 1t. In one famous case, a chemist in New Hampshire tried to 1solate thulium, element 
sixty-nine. He started with huge casserole dishes of thultum-rich ore and repeatedly treated the ore 
with chemicals and boiled 1t, a process that purified the thulium by a small fraction each time. The 
đissolving took so long that he could do only one or two cycles per day at first. Yet he repeated this 
tedIous process fifteen thousand times, by hand, and wIinnowed the hundreds ofpounds of ore down to 
Just ounces before the pur1ty satisfied him. Even then, there was still a little cross-contamination from 
other lanthamides, whose electrons were buried so deep, there Just wasn't enough of a chemical 
handle to grasp them and pull them out. 


Electron behavior drives the perlodic table. But to really understand the elements, you cant 1penore 
the part that makes up more than 99 percent of theIr mass—the nucleus. And whereas electrons obey 
the laws of the gøreatest sclentist never to win the Nobel Prize, the nucleus obeys the dictates of 
probably the most unlikely Nobel laureate ever, a woman whose career was even more nomadic than 
LewIs”s. 

Maria Goeppert was born 1n Germany 1n 1906. Even thouph her father was a sixth-peneration 
professor, Maria had trouble convincing a Ph.D. program to admit a woman, so she bounced from 
school to school, taking lectures wherever she could. She finally earned her doctorate at the 
University of Hamnover, defending her thesIs In front of professors sheˆ”d never met. Not surpr1singly, 
with no recommendations or connecflons, no university would hire her upon her graduation. She 
could enter sclence only obliquely, throuph her husband, Joseph Mayer, an American chemistry 


professor visiting Germany. She returned to Baltmore with him 1n 1930, and the newly named 
Goeppert-Mayer began tagøing along wIth Mayer to work and conferences. Unfortunately, Mayer lost 
his Job several times during the Great Depression, and the famrly drifted to universifles in New York 
and then Chicago. 

Most schools tolerated Goeppert-Mayers hanging around to chat sclence. Some even 
condescendcd to give her work, thouph they refused to pay her, and the topIcs were stereotypIcally 
“feminine,” such as figuring out what causes colors. After the Depression lifted, hundreds of her 
Iintellectual peers gathered for the Manhattan Project, perhaps the most vitalizing exchange of 
sclentific Ideas ever. Goeppert-Mayer received an 1nvifation to participate, but peripherally, on a 
useless side proJect to separate uranum with flashing lights. No doubt she chafed In private, but she 
craved scIence enouph to continue to work under such conditions. After World VMr II, the University 
of Chicago finally took her serIously enough to make her a professor of physics. Althouph she got her 
own office, the departmert still didnˆt pay her. 

Nevertheless, bolstered by the appoIntment, she began work 1n 1948 on the nucleus, the core and 
essence of an atom. Inside the nucleus, the number of positive protons—the atomic number—— 
determines the atom's 1dentity. In other words, an atom camnot gain or lose protons w1thout becoming 
a different element. Atoms do not normally lose neutrons either, but an element's atoms can have 
different numbers of neutrons——varIations called 1sotopes. For 1nstance, the 1sotopes lead-204 and 
lead-206 have Identical atomic numbers (82) but different numbers of neutrons (122 and 124). The 
atomic number plus the number of neutrons 1s called the atomic weliplt. It took sclentists many years 
to fipure out the relationship between atomic number and atomic weight, but once they did, periodic 
table sclence got a lot clearer. 

Goeppert-Mayer knew all this, of course, but her work touched on a mysftery that was more 
difficult to grasp, a deceptively simple problem. The simplest element 1n the universe, hydrogen, 1s 
also the most abundant. The second-simplest element, helium, 1s the second most abundart. In an 
aesthetically tidy universe, the third elemert, lithum, would be the third most abundant, and so on. 
Our universe 1snt tidy. The third most common element 1s oxygen, element eipht. But why? ScIentIsts 
mipht answer that oxygen has a very stable nucleus, so 1t doesn”t disinteerate, or “decay.” But that 
only pushed the question back——why do certain elements like oxygen have such stable nucle1? 

Unlike most of her contemporar1es, Goeppert-Mayer saw a parallel here to the incredible stab1]ity 
of noble gases. She sugøested that protons and neutrons In the nucleus s1t 1n shells Just like electrons 
and that filling nuclear shells leads to stability. To an outsider, this seems reasonable, a mce analogy. 
But Nobel Prizes aren”t won on conJecfures, especially those by unpaid female professors. What”s 
more, this I1dea ruffled nuclear sclentisfs, since chemical and nuclear processes are 1ndependert. 
There's no reason why dependable, stay-at-home neutrons and protons should behave like tiny, 
caprIcIous electrons, which abandon theIr homes for attractive neiphbors. And mostly they don' t. 

Except Goeppert-Mayer pursued her hunch, and by plecing together a number of unlinked 
experIimerfs, she proved that nuclei do have shells and do form what she called maglc nuclel. For 
complex mathematical reasons, magic nuclei don”t reappear periodically like elemental properties. 
The magic happens at atomic numbers two, eIpht, twenty, twenty-eIpht, fifty, eiphty-two, and so on. 
Goeppert-Mayer ˆs work proved how, at those numbers, protons and neutrons marshal themselves 1nto 
highly stable, highly symmetrical spheres. Notice too that oxygens eight protons and eight neufrons 
make 1t doubly magic and therefore eternally stable—which explains 1s seeming overabundance. 
This model also explains at a stroke why elemenfs such as calcIum (twenty) are đisproportionately 
plentiful and, not Incidenfally, why our bodies employ these readily available minerals. 


Goeppert-Mayer ˆs theory echoes Platoˆs notion that beautiful shapes are more perfect, and her 
model of maglc, orb-shaped nuclel became the Ideal form against which all nuclei are Judged. 
Conversely, elemenfs stranded far between two magIc numbers are less abundant because they form 
ugly, oblong nuclel. Sclentists have even discovered neutron-starved forms of holmium (element 
sixty-seven) that give birth to a deformed, wobbly “football nucleus.” As you mipht guess from 
Goeppert-Mayer 's model (or from ever having watched somebody fumble during a football game), 
the holmium footballs arenˆt very steady. And unlike atoms with misbalanced electron shells, atoms 
with distorted nuclel can”t poach neuftrons and protons from other atoms to balance themselves. So 
atoms with misshapen nuclel, like that form of holnmium, hardly ever form and 1mmediatcly 
đisintesrate 1f they do. 

The nuclear shell model 1s brilliant physics. That's why 1t no doubt dismayed Goeppert-Mayer, 
øgIven her precarlous staftus among sclenfisfs, to discover that 1t had been duplicated by male 
physIcIsts in her homeland. She risked losing credit for everything. However, both sides had 
produced the Idea Independerntly, and when the Germans sracIously acknowledged her work and 
asked her to collaborate, Goeppert-Mayer ˆs career took off. She won her own accolades, and she and 
her husband moved a final time 1n 1959, to San Diego, where she began a real, payIng Job at the new 
University of California campus there. Still, she never quite shook the stgma of being a dilettante. 
When the SwedIsh Academy amounced 1n 1963 that she had won her profession”s highest honor, the 
San Diego newspaper greeted her big day with the headline “S.D. Mother Wins Nobel Prize.” 

But maybe 1t's all a matter of perspective. Newspapers could have run a similarly demeaning 
headline about Gilbert Lew1s, and he probably would have been thrilled. 


Reading the periodic table across each row reveals a lot about the elemerts, but that's only part of the 
story, and not even the best part. Elements 1n the same colummn, latitudinal neIghbors, are actually far 
more Intimately related than hor1zonfal neighbors. People are used to reading from left to right (or 
rIpht to left) in virtually every human language, but reading the periodic table up and down, column by 
columm, as 1n some forms of Japanese, 1s actually more sigmificant. Dong so reveals a rich subtext of 
relatlonshIips among elemerts, including unexpected rivalries and antagomisms. The periodic table has 
1fs own prammar, and readIng between 1fs lines reveals whole new sfOrIes. 


Neqar Twins and Black Sheep: The GeneqloÐ9y 0ƒ 
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Shakespeare had a go at 1t with “honorifIcabilitudimtatibus”——which, depending on whom you ask, 
either means “the state of being loaded with honors” or 1s an anapram proclaiming that FrancIs 
Bacon, not the Bard, really wrote Shakespeareˆs plays.Š But that word, a mere twenty-seven letters, 
doesn't stretch nearly long enouph to count as the longest word 1n the English language. 

Of course, determining /he longest word 1s like trying to wade 1nfo a riptide. You re likely to lose 
cornfrol quickly, since language 1s fuid and constantly changing direction. What even qualifles as 
English differs in different contexts. Shakespeares word, spoken by a clown1n Love § Labor s Lost, 
obvIously comes from Latin. But perhaps foreign words, even In English sentences, shouldn”t count. 
Plus, If you coun words that do litle but stack suffixes and prefixes together 
(“antidisestablishmentariamsm,” twenty-eIpht letters) Of nñOnsense words 
(“supercalifrag1lIsttcexpialidocIous,” thirty-four lefters), wrIfers can string readers along pretty mụuch 
until their hands cramp up. 

But 1ƒ we adopt a senstble defintion—the longest word to appear 1n an English-language 
document whose purpose was ø#ø/ to set the record for the longest word ever—then the word we re 
after appeared 1n 1964 1n Chemical 4bstracrs, a đictlonary-like reference source for chemists. The 
word describes an Imporfant protein on what historlans generally count as the first virus ever 
discovered, In 1§92——the tobacco mosalc virus. Take a breath. 


acetylseryltyrosylserylisoleucylthreonylserylprolylseryl- 
ølutaminylphenylalanylvalylphenylalanylleucylserylseryl- 
valyltryptophylalanylaspartylprolylisoleucylplutamyl- 
leucylleucylasparaginylvalylcysteinylthreonylserylseryl- 
leucylglycylasparaginylglutaminylphenylalanylglutamn- 
nylthreonylglutaminylglutaminylalanylarginylthreo- 
nylthreonylglutaminylvalylglutaminylglutaminylpheny- 
lalanylserylglutaminylvalyltryptophyllysylprolylphenyla- 
lanylprolylglutaminylserylthreonylvalylarginylphenylala- 
nylprolylglycylaspartylvalyltyrosyllysylvalyltyrosylargin- 
yltyrosylasparaginylalanylvalylleucylaspartylprolylleucyli- 
soleucylthreonylalanylleucylleucylglycylthreonylphenyla- 
lanylaspartylthreonylarginylasparaginylarginylisoleucyl1- 
soleucylglutamylvalylglutamylasparagiInylglu- 
taminylglutaminylserylprolylthreonylthreonylalanylglutamylthreo- 
nylleucylaspartylalanylthreonylarginylargInylvalylaspar- 
tylaspartylalanylthreonylvalylalanylisoleucylarginylsery- 


lalanylasparaginylisoleucylasparaginylleucylvalylasparagI- 
nylglutamylleucylvalylarginylglycylthreonylglycylleucyl- 
tyrosylasparaginylglutaminylasparaginylthreonylphenyla- 
lanylglutamylserylmethionylserylglycylleucylvalyltrypto- 
phylthreonylserylalanylprolylalanylserine 


That anaconda runs I,I§5 letters.Š 

Now, since none of you probably did more than run your eyes across “acetyl... serine,” go back 
and take a second look. You ll notice something funny about the distribution of letters. The most 
common letter in English, e, appears 6Š times; the uncommon letter y occurs 183 times. One letter, /, 
accourfs for 22 percent of the word (255 Instances). And the y and / donˆt appear randomly but offen 
next to each other——l66 palrs, every seventh letter or so. Thats no coincidence. This long word 
describes a protein, and proteins are built up from the sixth (and most versatile) element on the 
periodic table, carbon. 

Specrfically, carbon forms the backbone of amino acids, which string together like beads to form 
proteins. (The tobacco mosalc virus protein consists of 159 amino acIds.) Blochemists, because they 
often have so many amino acids to count, catalog them with a simple linguistic rule. They truncate the 
¡ne 1n amino acIds such as “serine” or “1soleucine” and alter 1t to ví, making 1t fit a regular metcr: 
“seryÏl” or “1soleucyl.”° Taken In order, these linked y/ words describe a profeInˆs structure precIsely. 
Just as laypeople can see the compound word “matchbox” and grasp 1†s meaning, biochemnsts 1n the 
1950s and early 1960s gave molecules official names like “acetyl... serine” so they could reconstruct 
the whole molecule from the name alone. The system was exact, If exhausting. HiIstorically, the 
tendency to amalgamate words reflects the strong infuence that Germany and the compound-crazy 
German language had on chemnsfry. 

But why do amino acIds bunch together 1n the first place? Because of carbon's place on the 
periodic table and 1fs need to fÍÏ 1ts outer energy level with eight electrons—a rule of thumb called 
the octet rule. On the continuum of how agesressively atoms and molecules go affer one another, amino 
acids shade toward the more civilized end. Each amino acid conftains oxyøen atoms on one end, a 
nitrogen on the other, and a trunk oftwo carbon atoms 1n the middle. (They also contain hydrogen and 
a branch off the main trunk that can be twenty different molecules, but those don”t concern us.) 
Carbon, nitrogen, and oxygen all want to get eIpht electrons 1n the outer level, but 1t's easler for one 
of these elements than for the other. Oxygen, as element eight, has eight total electrons. Two belong to 
the lowest enerøy tier, which fills first. That leaves six left over In the outer level, so oxygen 1s 
always scouting for two additional electrons. Two electrons aren”t so hard to find, and agsressIve 
oxygen can dictate 1ts own terms and bully other atoms. But the same arithmetic shows that poor 
carbon, elemernt six, has four electrons left over affter filling 1ts first shell and therefore needs four 
more to make eight. That”s harder to do, and the upshot 1s that carbon has really low standards for 
forming bonds. It latches onto virtually anything. 

That promiscuifty 1s carbons virtue. Unlike oxygen, carbon must form bonds with other atoms In 
whatever direction 1t can. In fact, carbon shares 1fs electrons with up to four other atoms at once. This 
allows carbon to build complex cha1ns, or even three-dimensional webs of molecules. And because 1t 
shares and camnot steal electrons, the bonds 1t forms are steady and stable. Nitrogen also must form 
multiple bonds to keep 1tself happy, though not to the same degree as carbon. Proteins like that 
anaconda described earlier simply take advantage of these elemental facts. One carbon atom In the 


trunk of an amino acid shares an electron with a mfrogen at the buft of another, and proteins arIse 
when these comnectible carbons and mtrogens are sfrung along pretfty much ad 1nfimitum, like letters 1n 
a very, very long word. 

In fact, sclenfists nowadays can decode vastly longer molecules than “acetyl... serine.” The 
Currenf record 1s a øargantuan protein whose name, 1f spelled out, runs 189,619 letters. But during the 
1960s, when a number of quick amino acid sequencrng tools became available, scIentists realized that 
they would soon end up w1th chemical names as long as this book (the spell-checking of which would 
have been a real bitch). So they dropped the unwIeldy GermanIc system and reverted to shorter, less 
bombastic titles, even for officlal purposes. The 189,619-letter molecule, for Instance, 1S now 
mercifully known as titin.Š Overall, 1t seems doubftful that anyone will ever top the mosalc virus 
proteinˆs full name In prInf, or even try. 

That doesnˆt mean aspiring lexIcographers shouldn't still brush up on biochemistry. MedicIne has 
always been a fertile source of ridiculously long words, and the longest nontechmcal word 1n the 
Oxƒord English Dictionary Just happens to be based on the nearest chemical cousin of carbon, an 
element often cited as an alternative to carbon-based life in other galaxIes——element fourteen, silicon. 


In genealogy, parenfs at the top ofa famly tree produce children who resemble them, and 1n Just the 
same way, carbon has more 1n common with the element below 1t, silicon, than with 1ts two hor1zorfal 
neiehbors, boron and mtrogen. We© already know the reason. Carbon 1s element six and silicon 
element fourteen, and that gap of eight (another octet) 1s not coincidertal. For silicon, two electrons 
ñllI the fñirst energy level, and eipht fill the second. That leaves four more electrons—and leaves 
silicon In the same predicamert as carbon. But being In that situation ø1ves silicon some of carbon”s 
flexIbility, too. And because carbon's flexIbility 1s đirectly linked to 1s capaclty to form life, 
sillcons ability to mimic carbon has made 1t the dream of generaflons of sclence ficton fans 
Inferested 1n alternative—that 1s, allen—modes of life, life that follows different rules than earth- 
bound life. At the same time, genealogy 1sn't destiny, since children are never exactly like theIr 
parents. So while carbon and silicon are 1ndeed closely related, they”re distinct elements that form 
distinct compounds. And unfortunately for sclence fiction fans, silicon Just cant do the wondrous 
tricks carbon can. 

Oddly enouph, we can learn about siliconˆs limitatlons by parsing another record-setting word, a 
word that stretches a ridiculous length for the same reason the I,I8§ŠS-letter carbon-based protein 
above did. Honestly, that protein has sort of a formulalc name——Interesting mostly for 1fs novelty, the 
same way that calculating pI to trillions of digIfs 1s. In contrast, the longest nontechmical word In the 
Oxƒord English Dicfionary 1S the forty-five-letter 
“pneumonoultramicroscopIcsIlicovolcanocomiosIs,” a disease that has “silico” at IS core. 
Logologists (word nuífs) slang1ly refer to pneumonoultramicroscopIcsilicovolcanocomiosIs as “p4ŠS,” 
but there”s some medical question about whether p4Š 1s a real disease, since 1t”s Just a varIant of an 
incurable lung condition called pneumonocomiosIs. P16 resembles pneumonia and 1s one of the 
diseases that Inhaling asbestos causes. Inhaling silicon dioxide, the maJor componernt of sand and 
ølass, can cause pneumonocomiosIs, foo. Consfruction workers who sandblast all day and Insulation 
plant assembly-line workers who Inhale glass dust offten come down with silicon-based pIó6. But 
because silicon dioxide (S1O›) 1s the most common mineral 1n the earth”s crust, one other ørOup 1s 


susceptible: people who live In the vicinty of active volcanoes. The most powerful volcanoes 
pulver1ze sIlica Into fine bits and spew megatons of 1t Into the aIr. Those bIts are prone to wrIgegling 


Iinto lung sacs. Because our lungs regularly deal with carbon dioxide, they see nothing wrong with 
absorbing 1fs cousin, SIO›, which can be fatal. Many dinosaurs mipht have died this way when a 


metropolIs-s1zed asteroid or comet struck the earth 65 million years ago. 

With all that in mind, parsing the prefixes and suffixes ofp45 should now be a lot easier. The lung 
disease caused by Inhaling fine volcamc silica as people huff and puff to flee the scene 1s naturally 
called  pneumono-ultra-microscopIc-silico-volcano-comosIs. Before you start dropping 1t In 
conversation, thouph, know that many word purIsts detest 1t. Someone coined p45 to win a puzz2le 
corfest In 1935, and some people still sneer that 1f's a “trophy word.” Even the august editors of the 
Oxƒord English DicHionary malign p4Š by defining 1t as “a fractious word,” one that 1s only “alleged 
to mean” what 1t does. Thịs loathing arIses because p45 Just expanded on a “real” word. P45 was 
tinkered with, like artificial life, instead of rising orgamcally from everyday language. 

By digøing further Into silicon, we can explore whether clalms of silicon-based life are tenable. 
Thouph as overdone a trope 1n sclence fiction as ray guns, silicon life 1s an Important idea because 1t 
expands on our carbon-certric notion of lifeˆs potential. Silicon enthusiasts can even poInt to a few 
anmimals on earth that employ silIcon 1n theIr bodies, such as sea urchins with their silicon spines and 
radiolarian protozoa (one-celled creatures) that forge silicon 1nto exoskeletal armor. Advances 1n 
computing and artificial Intelligence also sugøest that silicon could form “brains”” as complicated as 
any carbon-based one. In theory, there”s no reason you couldnˆt replace every neuron 1n your braIn 
with a sIlIcon trans1sftor. 

But p4Š provides lessons 1n practical chemistry that dash hopes for silicon life. Obviously silicon 
life forms would need to shuttle silicon 1nto and out of their bodies to repalr tissues or whatever, Just 
as earth-based creatures shuttle carbon around. Ôn earth, creatures at the base of the food chain (in 
many ways, the most Important forms of life) can do that via øaseous carbon dioxide. Silicon almost 
always bonds to oxygen 1n nature, too, usually as SIO›. But unlike carbon đioxide, silicon dioxide 


(even as fine volcamic dust) 1s a solid, not a gas, at any temperature remotely friendly to life. (lt 
doesn”t become a gas until 4,000°F†) On the level of cellular respIration, breathing solids Just doesn”t 
work, because solids stick together. They don't flow, and 1s hard to get at individual molecules, 
which cells need to do. Even rudimertary silicon life, the equivalent of pond scum, would have 
trouble breathing, and larger life forms with multiple layers of cells would be even worse off. 
Without ways to exchange gases with the environmert, plant-like sililcon life would starve and 
anmimal-like silicon life would suffocate on waste, Just like our carbon-based lungs are smothered by 
p4°. 

Couldn't those silicon microbes expel or suck up silica 1n other ways, thouph? Possibly, but silica 
doesn't dissolve In water, the most abundart liquid 1n the universe by far. So those creatures would 
have to forsake the evolutionary advantages of blood or any liquid to circulate nutrients and wasfe. 
SIlicon-based creatures would have to rely on solids, whiích donˆt mix easily, so 1s ImpossIble to 
1magine silIcon life forms đø7ng much of anything. 

Furthermore, because si1licon packs on more electrons than carbon, 1f”s bulkler, like carbon with 
fiffy extra pounds. Sometimes that”s not a big deal. Silicon mipht substitute adequately for carbon 1n 
the Martian equivalent of fats or proteins. But carbon also contorts 1fself into ringeed molecules we 
call sugars. Rings are states of high tension——which means they store lots of energy——and silicon Just 
1sn”t supple enouph to bend 1nto the right position to form rings. In a related problem, silicon atoms 
camnot squeeze their electrons Info tipht spaces for double bonds, which appear In virtually every 
complicated biochemrical. (When two atoms share two electrons, that's a sinple bond. Sharing four 
electrons 1s a double bond.) Silicon-based life would therefore have hundreds of fewer optlons for 


storing chemical energy and making chemical hormones. Altogether, only a radical biochemistry 
could support silicon life that actually pørows, reacts, reproduces, and attacks. (Sea urchins and 
radiolaria use silica only for structural support, not for breathing or storing energy.) And the fact that 
carbon-based life evolved on earth despIte carbon beiIng vastly less common than silIcon 1s almost a 
proof1n 1fself.* m not foolish enouegh to predict that silicon biology 1s 1ImpossiIble, but unless those 
creatures defecate sand and live on planets with volcanoes constantly expelling ultramicroscopIc 
silica, this element probably 1snt up to the task of making life live. 

Lunckily for 1t, silicon has ensured 1tself immortality 1n another way. Like a virus, a quasI-lIvIing 
creature, 1t wrigeled I1nto an evolutionary niche and has survived by preying parasitically on the 
element below 1t. 


There are further genealogical lessons 1n carbon and silicon's column of the perlodic table. Under 
silicon, we find germamum. One element down from germanium, we unexpectedly find tin. One space 
below that 1s lead. Moving straight down the periodic table, then, we pass from carbon, the element 
responsIble for life; to silicon and germamrum, elemenfts responsible for modern electromcs; fo tin, a 
dull gray metal used to can corn; to lead, an element more or less hostile to life. Each step 1s small, 
but 1s a good reminder that while an element may resemble the one below 1t, small mutatlons 
accunmulate. 

Another lesson 1s that every family has a black sheep, someone the rest ofthe line more or less has 
øIven up on. In columm fourteen”s case, 1†*s øermamium, a sorry, no-luck element. W€ use silIcon in 
computers, 1n microchIps, 1n cars and calculators. Silicon semiconductors sent men to the moon and 
drive the Internet. But 1f things had gone differently sixfy years ago, we mipht all be talking about 
Germamum Valley 1n northern Califormia today. 

The modern semiconductfor 1ndustry began In 1945 at Bell Labs in New Jersey, Just miles from 
where Thomas Alva Edison set up his Invention factory seventy years before. William Shockley, an 
electrical engineer and physicIst, was trying to build a small silicon amplifier to replace vacuum 
tubes 1n maInframe computers. Engineers loathed vacuum tubes because the long, lightbulb-like glass 
shells were cumbersome, fragile, and prone to overheating. DespIse them as they may, they needed 
these tubes, because nothing else could pull their double duty: the tubes both amplified electromic 
signals, so faint sipnals didn”t die, and acted as one-way gates for electricIfy, so electrons couldn't 
flow backward In circulfs. (If your sewer pIpes flowed both ways, you can Iimagine the potential 
problems.) Shockley set out to do to vacuum tubes what Edison had done to candles, and he knew that 
semiconducting elements were the answer: only they could achieve the balance engineers wanted by 
letting enouph electrons throuph to run a ciIrcuit (the “conductor” part), but not so many that the 
electrons were 1mpossIble to control (the “semi” part). Shockley, thouph, was more visionary than 
engineer, and his silicon amplifier never amplified anything. Frustrated affer two unfruitful years, he 
dumpcd the task onto two underlings, John Bardeen and Walter Brattain. 

Bardeen and Brattain, according to one blographer, “loved one another as much as two men 
can.... lt was like Bardeen was the brains of this JoInt organism and Brattain was the hands.”Š This 
symbiosis was convenient, since Bardeen, for whom the descriptor “egehead” mipht have been 
coIned, wasn't so adept w1th his own hands. The JoInt orgamism soon determined that sillcon was too 
brittle and difficult to purIfy to work as an amp. Plus, they knew that germanmium, whose oufter 
electrons sIf In a hipher energy level than siliconˆs and therefore are more loosely bound, conducted 
electricIty more smoothly. Using germanium, Bardeen and Brattain built the world”s first solid-state 


(as opposed to vacuum) amplifier in December 1947. They called 1t the trans1stor. 

This should have thrilled Shockley—except he was 1n Paris that Christmas, making 1t hard for him 
to claim heˆd contributed to the Invention (not to mention that he had used the wrong element). So 
Shockley set out to steal credit for Bardeen and Brattain's work. Shockley wasnˆt a wIcked man, but 
he was ruthless when convinced he was right, and he was convinced he deserved most of the credit 
for the transIstor. (This ruthless conviction resurfaced later in Shockley”s declining years, aftler he 
abandoned solid-state physics for the “scIence” of eueenics——the breeding of better human beings. He 
believed 1n a Brahmmn caste of 1ntelligentsia, and he began donating to a “gemius sperm bank”*Š and 
advocating that poor people and minoritles be paid to get sterilized and stop diluting humankind”s 
collective lQ.) 

HurryIing back from Paris, Shockley wedged himself back Into the transistor pIcture, offen 
literally. In Bell Labs publicity photos showing the three men supposedly at work, he”'s always 
standing between Bardeen and Brattain, dissecting the Joint organism and putting 1s hands on the 
equipmert, forcing the other two to peer over his shoulders like mere assIstants. Those Images 
became the new reality and the general sclentific commumty gave credit to all three men. Shockley 
also, like a petfty prince In a fiefdom, bamshed his main I1ntellectual rival, Bardeen, to another, 
unrelated lab so that he, Shockley, could develop a second and more commercially friendly 
øeneration of germamium transIstors. Unsurpr1singly, Bardeen soon quit Bell Labs to take an academic 
post In Ilinois. He was so disgusted, in fact, that he gave up semiconductor research. 

Things turned sour for germanium, too. By 1954, the transistor Industry had mushroomed. The 
processing power of computers had expanded by orders of magmrtude, and whole new product lines, 
such as pocket radios, had sprung up. But throuphout the boom, engineers kept ogling silicon. Partly 
they did so because øermanium was temperamertal. As a corollary of conducting electricity so well, 
1t øenerafed unwanted heat, too, causing gøermamium transIstors to sfall at hiph temperatures. More 
Important, silicon, the main component of sand, was perhaps even cheaper than proverbial dirt. 
ScIenfists were still faithful to germamium, but they were spending an awful lot of time fanftas1zIng 
about silicon. 

Suddenly, at a semiconductor trade meeting that year, a cheeky engIneer from Texas got up affer a 
øloomy speech about the unfeasibility of silicon transisfors and announced that he actually had one In 
his pocket. Would the crowd like a demonstration? This P. T Barnum—whose real name was 
Gordon Teal—then hooked up a germamium-run record player to external speakers and, rather 
medIevally, lowered the player ˆs Imnards Into a vat of boiling oIl. As expected, 1t choked and died. 
After fishing the Imnnards out, Teal popped out the germamum transistor and rewrred the record player 
with his silicon one. Once agaIn, he plopped 1t Into the oil. The band played on. By the time the 
stampede of salesmen reached the pay phones at the back of the convention hall, germamum had been 
dumped. 

Luckily for Bardeen, his part of the story ended happtly, 1f clumsily. His work with øgermanium 
semiconductors proved so Important that he, Brattain, and, s/e, Shockley all won the Nobel Prize In 
physics 1n 1956. Bardeen heard the news on his radio (by then probably silicon-run) while frying 
breakfast one morning. Flustered, he knocked the familyˆs scrambled egsøs onto the floor. It was not 
his last Nobel-related gaffe. Days before the pr1ze ceremony in Sweden, he washed his formal white 
bow tie and vest with some colored laundry and stained them green, Just as one of his undergrad 
studenfs might have. And on the day of the ceremony, he and Brattain got so wound up about meetIng 
Sweden”s King Gustav [I that they chugøed quinine to calm thetr stomachs. It probably didn't help 
when Gustav chastened Bardeen for making his sons stay In class back at Harvard (Bardeen was 


afraid they mipht miss a test) 1nstead of coming to Sweden with him. At this rebuke, Bardeen tepidly 
Joked that, ha, ha, he”d bring them along the next time he won the Nobel Pr1ze. 

Gaffes aside, the ceremony marked a high poInt for semiconductors, but a brief one. The Swedish 
Academy of ScIences, which hands out the Nobel Prizes 1n Chemnstry and Physics, tended at the time 
to honor pure research over engineering, and the win for the transistor was an uncommon 
acknowledgment of applied sclence. Nevertheless, by 1956 the transistor industry faced another 
crIsis. And with Bardeen out ofthe field, the door stood open for another hero. 

Althouph he probably had to stoop (he stood six feet six), Jack Kilby soon walked throuph 1t. A 
slow-talking Kansan with a leathery face, Kilby had spent a decade 1n the hiph-tech boondocks 
(Milwaukee) before landing a Job at Texas Instrumenfs (TT) In 1958. Thouph trained 1n electrical 
engineering, Kilby was hired to solve a computer hardware problem known as the tyranny of 
numbers. Basically, thouph cheap silicon transistors worked okay, fancy computer circuifs required 
scores of them. That meant compamies like TÌI had to employ whole hangars of low-paid, mostly 
female techmicians who did nothing all day but crouch over microscopes, swearing and sweating In 
hazmat sulifs, as they soldered silicon bits together. In addition to being expensive, this process was 
InefficIent. In every cIrcuIt, one ofthose frail wIres Inevifably broke or worked loose, and the whole 
circuit đied. Yet engineers couldn”t get around the need for so many transisfors: the tyranny of 
nurrbers. 

Kilby arrived at TI during a sweltering June. As a new employee he had no vacation time, so 
when the cast of thousands cleared out for mandatory vacations 1n July, he was left alone at his bench. 
The relief of silence no doubt convinced him that employing thousands of people to wlre transIstOrs 
together was asinine, and the absence of supervisors gave him free time fo pursue a new 1dea he 
called an 1nteprated circuit. Silicon transistors weren't the only parts of a circuit that had to be hand- 
wIred. Carbon resIsftors and porcelain capacItors also had to be spaghettied together with copper 
wIre. Kilby scrapped that separate-element setup and Instead carved everythine—all the resIstors, 
transisfors, and capacItors—from one firm block of semiconductor. lí was a smashing Idea—the 
difference, structurally and artistically, between sculpting a statue from one block of marble and 
carving each limb separately, then trying to fit the statue together with wIre. Not trusting the pur1ty of 
s1licon to make the resIstors and capacIftors, he turned to germanium for hIs prototype. 

Ultimately, this inteprated circuit freed engineers from the tyranny of hand-wiring. Because the 
pIeces were alÏ made ofthe same block, no one had to solder them together. In facf, soon no one even 
could have soldered them together, because the Inteerated circuit also allowed engIneers fo automate 
the carving process and make microscopIc sets of transistors—the first real computer chips. Kilby 
never received full credit for his 1nnovation (one of Shockleyˆs protégés filed a rival, and slightly 
more detailed, patent claim a few months later and wrestled the rights away from Kilbyˆs company), 
but geeks today still pay Kilby the ultimate engineering tribute. In an 1ndustry that measures product 
cycles 1n months, chips are still made using his basic design fiffy years later. And in 2000, he won a 
belated Nobel Prize for his Inteprated circuit.Š 

Sadly, though, nothing could resurrect germamums reputation. KIlbyˆs original øgermanium cIrCuIf 
1S ensconced In the Smithsoman Institution, but In the bare-knuckle marketplace, øermanium got 
pummeled. Silicon was too cheap and too available. Sir Isaac Newton famously said that he had 
achieved everything by standing on the shoulders of giants——the scIentific men whose findings he buIlt 
upon. The same mieht be said about silicon. Affer germamum did all the work, silicon became an 
1con, and øermanium was bamished to periodic table obscurity. 

In truth, thafs a common fate regarding the perlodic table. Most elements are undeservedly 





anonymous. Even the names of the sclentists who discovered many of them and who arranged them 
Iinto the first periodic tables have long since been forgotten. Yet like silicon, a few names have 
achieved universal fame, and not always for the best reasons. All of the scIentists working on early 
periodic tables recogmzed likenesses among certain elements. Chemical “triads,” like the modern- 
day example of carbon, silicon, and germanium, were the first clue that the periodic system exIsted. 
But some sclIenfists proved more facile than others at recogmizIng subtleties—the traits that run 
through the families of the periodic table like dimples or crooked noses 1n humans. KnowIng how to 
trace and predict such similaritIles soon allowed one scIentist, Dmitri Mendeleev, to vault 1nto history 
as the father ofthe periodic table. 


The Galdpaøos 0ƒ the Periodic Table 





You mnpht say the history of the periodic table 1s the history of the many characters who shaped 1t. 
The first had one of those names from history books, like Dr. Guillotin, or Charles Ponzl, or Jules 
Léotard, or Etienne de Silhouette, that makes you smile to think someone actually answered to 1t. This 
pIioneer of the periodic table deserves specIal praise, since his eponymous burner has enabled more 
sophomoric stunfs than any lab equIpmert 1n history. Disappointinely, German chemist Robert Bunsen 
didn't actually 1nvent “his” burner, Just improved the design and popularized 1t in the mid-1S00s. 
Even wtithout the Bunsen burner, he managed to pack plenty of danger and destruction 1nto his life. 

Bunsens first love was arsemc. Although elemert thirty-three has had qulife a reputation since 
ancIert times (Roman assassins used to smear 1t on figs), few law-abiding chemnists knew mụuch about 
arsemc before Bunsen sfarted sloshing 1t around 1n test tubes. He worked primarily with arsenc- 
based cacodyls, chemicals whose name 1s based on the Greek word for “stinky.” Cacodyls smelled 
so foul, Bunsen said, they made him hallucinafe, “produc[ing] 1nstantaneous tineling of the hands and 
feet, even giddiness and InsensIbility.” His tongue became “covered with a black coating.” Perhaps 
from self-Interest, he soon developed what”s still the best antidote to arsenic poIsoning, 1ron oxIde 
hydrate, a chemical related to rust that clamps onto arsemc In the blood and drags 1t out. Still, he 
couldn't shield himself from every danger. The careless explosion ofa ølass beaker of arsenic nearly 
blew out his right eye and left hm half-blind for the last sixty years oflhis life. 

After the accident, Bunsen put arsemc aside and Indulged his passion for natural exploslons. 
Bunsen loved anything that spewed from the øground, and for several years he Investigated geysers and 
volcanoes by hand-collecting theIr vapors and boiling liquids. He also Jury-rigged a faux Old Faithful 
1n his laboratory and discovered how geysers build up pressure and blow. Bunsen settled back Into 
chemnstry at the mversity of Heidelberg In the IS50s and soon ensured himself sclentific 
1mmortality by Inventing the spectroscope, which uses light to study elements. Each element on the 
periodic table produces sharp, narrow bands of colored light when heated. Hydrogen, for example, 
always emifs one red, one yellowIsh øreen, one baby blue, and one 1ndigo band. If you heat some 
mystery subsfance and 1t emits those specIfic lines, you can bet 1t contains hydrogen. This was a 
powerful breakthrouph, the first way to peer Inside exotic compounds without boiling them down or 
disintesrating them with acid. 

To build the first spectroscope, Bunsen and a student mounted a prIsm I1nside a discarded clIgar 
box, to keep out stray light, and attached two broken-off eyepleces from telescopes to peer 1nside, 
like a diorama. The only thíing limiting spectroscopy at that poInt was getting flames hot enouph to 
excIfe elements. So Bunsen duly 1nvented the device that made him a hero to everyone who ever 
melted a ruler or started a pencIl on fire. He took a local techniclan's prIimtive gas burner and added 
a valve to adJust the oxygen flow. (If you remember fussing around with the knob on the bottom of 
your Bunsen burner, thats 1t.) As a result, the burner s flame 1mproved from an Inefficient, crackling 
orange to the tidy, hissing blue you see on øgood stoves today. 

Bunsen's work helped the perlodic table develop rapidly. Although he opposed the Idea of 


classifving elements by their spectra, other sclentists had fewer qualms, and the spectroscope 
1mmediately began 1dentifying new elemenfts. Just as Important, 1t helped sort throuph spurIous clalms 
by finding old elements 1n dIsguise 1n unknown substances. Reliable identificatlon øot chemists a long 
way toward the ultimate goal of understanding matter on a deeper level. Still, beyond finding new 
elemerts, sclentists needed to organize them Into a famnly tree of some sort. And here we come fo 
Bunsen's other great contribution to the table——his help 1n building an 1ntellectual dynasty 1n sclence 
at Heidelberg, where he Instructed a number of people responsible for early work 1n perlodic law. 
Thịs 1includes our second character, Dmitri Mendeleev, the man generally acclatimed for creating the 
first periodIc table. 

Truth be told, like Bunsen and the burner, Mendeleev didn”t conjure up the first periodic table on 
his own. S1x people 1nverted 1t independerntly, and all of them built on the “chemical affimties”” noted 
by an earller øeneration of chemnists. Mendeleev started with a rouph 1dea of how to group elemenfs 
I1nto small, synonymous sets, then transformed these øestures at a perIodic system 1nto sclentific law, 
much like Homer transformed disconnected Greek myths 1nto 7e @djÿssey. Sclence needs heroes as 
much as any other field, and Mendeleev became the protagonist of the story of the pertiodic table for a 
number of reasons. 

For one, he had a hell of a blography. Born 1n Siberla, the youngest of fourteen children, 
Mendeleev lost his father 1n 1847, when the boy was thirteen. Boldly for the time, his mother took 
over a local ølass factory to support the family and managed the male crafftsmen working there. Then 
the factory burned down. Pimning her hopes on her sharp-minded son, she bundled him up on 
horseback and rode twelve hundred miles across the steppes and steep, snowy Ural MountaIns to an 
elite universIfy in Moscow—which reJected DmnitrI because he wasn't local stock. Undaunted, Mama 
Mendeleev bundled him back up and rode four hundred miles farther, to his dead fathers alma mater 
1n St. Petersburg. Just after seeing him enrolled, she died. 

Mendeleev proved to be a brilliant student. After graduation, he studied 1n Paris and Heidelberg, 
where the eminent Bunsen supervised hìm for a spell (the two clashed personally, partly because 
Mendeleev was moody and partly because of Bunsens notoriously loud and foul-fimed lab). 
Mendeleev returned to St. Petersburg as a professor 1n the I860s and there began to think about the 
nature ofelements, work that culminated 1n his famous periodic table of 1869. 

Many others were working on the problem of how to organize elemenfs, and some even solved 1t, 
however haltinely, with the same approach as Mendeleev. In England, a thirty-something chemnst 
named John Newlands presented his makeshift table to a chemnstry socIety 1n 1865. But a rhetorical 
blunder doomed Newlands. At the time, no one knew about the noble gases (helium throuph radon), 
so the top rows ofhis periodic table contained only seven unmts. Newlands whimsically compared the 
seven columns to the do-re-mni-fa-sol-la-ti-do of the musical scale. Unfortunately, the Chemical 
SocIety of London was not the most whIimsical audience, and they ridiculed Newlandss mckelodeon 
chemnstry. 

The more serIous rival to Mendeleev was Julius Lothar Meyer, a German chemist with an unruly 
white beard and neatly oiled black hair. Meyer had also worked under Bunsen at Heidelberg and had 
serIous professional credentials. Among other things, heˆd figured out that red blood cells transport 
oxygen by binding 1t to hemoglobin. Meyer published his table at practically the same time as 
Mendeleev, and the two even spÏIt a prestigIous pre—Nobel Prize called the Davy Medal In 1882 for 
codiscovering the “perlodic law.” (It was an English prize, but Newlands was shut out until 1887, 
when he earned his own Davy Medal.) While Meyer continued to do great work that added to his 
reputaton—he helped popular1ze a number of radical theorles that turned out correct—Mendeleev 


turned cranky, a queer fish who, 1ncredibly, refused to believe 1n the reality of atoms.Š (He would 
later also reJect other things he couldn”t see, such as electrons and radIoactivity.) If you had sized up 
the two men around I§§0 and Judged which was the greater theoretical chemnst, you mipht have 
pIicked Meyer. So what separated Mendeleev from Meyer and the four other chemists who published 
tables before them, at least 1n historyˆs Judgment?* 

First, more than any other chemist, Mendeleev understood that certain traits about elements 
persIst, even 1f others don't. He realized a compound like mercuric oxide (an orange solid) doesn”t 
somehow “confain” a gas, oxygen, and a liquid metal, mercury, as others believed. Rather, mercurIc 
oxide corfains two elemernts that happen to form a gas and a metal when separate. What stays constant 
1S each elemenfs atomic weipht, which Mendeleev considered 1fs defimng trai, very close to the 
modern view. 

Second, unlike others who had dabbled In arranging elements 1nto columns and rows, Mendeleev 
had worked 1n chemnstry labs his whole life and had acquired a deep, deep knowledge of how 
elemenfs felt and smelled and reacted, especially metals, the most ambiguous and knotty elemenfs to 
place on the table. This allowed him to 1ncorporate all sixty-two known elements Into his columns 
and rows. Mendeleev also revised his table obsessively, at one poInt wrIting elements on index cards 
and playing a sort of chemical solitaire in his office. Most 1mportant of all, while both Mendeleev 
and Meyer left gaps on their table where no known elements fit, Mendeleev, unlike the squeamish 
Meyer, had balls enough to predict that new elements would be dug up. Look harđer, you chemisfs 
and geologisís, he seemed to taunt, and you ll find them. By tracing the tralts of known elements 
down each column, Mendeleev even predicted the densities and atomic weiphts of hidden elements, 
and when some predictions proved correctf, people were mesmer1zed. Furthermore, when scIentIsfs 
discovered noble gases 1n the I§90s, Mendeleev's table passed a cruclal test, since 1t easilly 
I1ncorporated the øases by adding one new column. (Mendeleev demed that noble øases exIsted at 
first, but by then the periodic table was no longer Just hs.) 

Then there was Mendeleevˆs outsized character. Like his Russian contemporary Dostoevsky—— 
who wrote his entire novel The Gambler 1n three weeks to pay off desperate gambling debts— 
Mendeleev threw together his first table to meet a textbook publisher's deadline. He*d already 
written volume one of the textbook, a five-hundred-page tome, but had got through Just eight elements. 
That meant he had to ft all the rest Into volume two. Affter six weeks of procrastinating, he decided 1n 
one 1nspired momert that the most concIse way to presernt the 1nformatlon was In a table. Excited, he 
blew off his side Job as a chemnstry consultant for local cheese factfories to compile the table. When 
the book appeared 1n priInt, Mendeleev not only predicted that new elements would fít Iinto empty 
boxes beneath the likes of silicon and boron, but he also provIsionally named them. lt couldn”t have 
hurt his reputation (people seek gurus during uncertain times) that he used an exotic, mystical 
language to create those names, using the SanskrIt word for 5eyond: eka-silicon, eka-boron, and so 
on. 

A few years later, Mendeleev, now famous, divorced his wiIfe and wanted to remarry. Althouph 
the conservative local church said he had to walIt seven years, he bribed a priest and got on with the 
nuptials. This technically made him a bIgamnst, but no one dared arrest him. When a local bureaucrat 
complaIned to the tsar about the double standard applied to the case—the priest was defrocked——the 
tsar primly replied, “I admit, Mendeleev has two w1ves, but I have only one Mendeleev.” Still, the 
tsarˆs patlence wasnit infimte. In 1890, Mendeleev, a self-professed anarchist, was booted out of his 
academrc post for sympathizIng w1th violent lefftist student øroups. 

Its easy to see why hIsforlans and scIentists prew attached to Mendeleevˆs life”s tale. Of course, 


no one would remember his blography today had he not constructed his perlodic table. Overall, 
Mendeleevˆs work 1s comparable to that of Darwin In evolutIon and Einstein In relativity. None of 
those men did z// the work, but they dịd the most work, and they dịd 1t more elegantly than others. 
They saw how far the consequences exfended, and they backed up their fñndings with reams of 
evidence. And like Darwin, Mendeleev made lasting enemies for his work. Naming elemenfs heˆd 
never seen was presumpftuous, and doing so Infuriated the Intellectual successor of Robert Bunsen—— 
the man who discovered “eka-aluminriun” and Justifiably felt that he, not the rabid Russian, deserved 
credit and naming rIghts. 


The discovery of eka-aluminium, now known as gallium, raises the question of what really drIves 
sclence forward—theorIes, which frame how people view the world, or experImernts, the simplest of 
which can destroy elegant theories. Affer a dustup with the theorist Mendeleev, the experIimentalIst 
who discovered gallium had a defimite answer. Paul Emile Francots Lecoq de BoIsbaudran was born 
Iinto a wInemaking famrly 1n the Cognac region of France In 1838. Handsome, with sinuous haIr and a 
curled mustache, prone to wearing stylish cravats, he moved to Paris as an adult, mastered Bunsen”s 
spectroscope, and became the best spectroscopIc surgeon 1n the world. 

Lecoq de Boisbaudran grew so adroit that 1n 1875, affer spofting never-before-seen color bands 1n 
a mineral, he concluded, Instantly and correctly, he”d discovered a new element. He namecd 1t gallrum, 
after Gallia, the Latin name for France. (ConspIracy mongers accused him of sÏyly naming the element 
after himself, since Lecoq, or “the rooster,” 1s øz/zs 1n Latin.) Lecoq de Boisbaudran decided he 
warted to hold and feel his new pr1ze, so he set about purifying a sample of1t. It took a few years, but 
by 1§78 the Frenchman finally had a mce, pure hunk of gallium. Though solid at moderate room 
temperature, øalltIum melts at §4°F, meanming that 1f you hold 1t in the palm of your hand (because body 
temperature 1s about 98°F), 1t wi1ll melt Into a grainy, thick puddle of pseudoquicksilver. IU's one of 
the few liquid metals you can touch w1Ithout boiling your finger to the bone. As a result, gallium has 
been a staple of practical Jokes among the chemistry cognoscentI ever since, a defimte step up from 
Bunsen-burner humor. One popular trick, since galliun molds easily and looks like aluminium, 1s fo 
fashion gallium spoons, serve them with tea, and watch as your guests recoll when theIr Earl Grey 
“eats” theIr utensils.Š 

Lecoq de Botsbaudran reported his fÍindings 1n sclentific Journals, riphtfully proud of his 
capricIous metal. Gallium was the first new element discovered since Mendeleevˆs 1869 table, and 
when the theorist Mendeleev read about Lecoq de Bolsbaudran”s work, he tried to cut 1n line and 
claim credit for gallium based on his prediction of eka-aluminmum. Lecoq de Boisbaudran responded 
tersely that, no, he had done the real work. Mendeleev demurred, and the Frenchman and Russian 
began debating the matter 1n sclentific Journals, like a serialized novel with different characters 
narrating each chapter. Before long, the discussion turned acrImomious. Amnoyed at Mendeleev”s 
crowing, Lecoq de Boisbaudran claimed an obscure Frenchman had developed the periodic table 
before Mendeleev and that the Russian had usurped this man”s Ideas—a scIentific sin second only to 
forging data. (Mendeleev was never so good about sharing credit Meyer, In contrast, cited 
Mendeleevˆs table 1n his own work In the 1870s, which may have made 1t seem to later øenerations 
that Meyerˆs work was derIvatIve.) 


For his part, Mendeleev scanned Lecoq de Boisbaudrans data on gallium and told the 
experImerfalist, with no Jjustification, that he must have measured something wrong, because the 
densifty and weIpht of galltum differed from Mendeleevˆ's predictions. This betrays a flabbergasting 
amount of øall, but as sclence philosopher-historian Eric Scerri put 1t, Mendeleev always “was 
willing to bend nature to ft his gprand philosophical scheme.” The only difference between 
Mendeleev and crackpottery 1s that Mendeleev was rIpht: Lecoq de Boisbaudran soon retracted his 
data and published results that corroborated Mendeleev's predictions. According to Scerri, “The 
sclentific world was astounded to note that Mendeleev, the theorist, had seen the propertIes of a new 
element more clearly than the chemist who had discovered 1t.” A literature teacher once told me that 
what makes a sfory preat—and the construction of the perlodic table 1s a great story—Is a climax 
thats “surprIsing yet 1nevitable.” I suspect that upon discovering his grand scheme of the periodic 
table, Mendeleev felt astonished——yet also convinced of 1fs truth because of 1ts elegant, inescapable 
simplictfty. No wonder he sometimes ørew 1nfoxicated at the power he felt. 

Leaving aside sclentific machismo, the real debate here centered on theory versus experImert. 
Had theory tuned Lecoq de Boisbaudrans senses to help him see something new? Or had experIment 
provided the real evidence, and Mendeleevˆs theory Just happened to fit? Mendeleev mipht as well 
have predicted cheese on Mars before Lecoq de Boisbaudran found evidence for his table 1n gallium. 
Then again, the Frenchman had to retract his data and 1ssue new results that supported what 
Mendeleev had predicted. Althouph Lecoq de Boisbaudran demed he had ever seen Mendeleev”s 
table, 1t's possible he had heard of others or that the tables had gotten the scIentific commumty talking 
and had Indirectly primed scIentists to keep an eye peeled for new elements. As no less a øgemius than 
AITbert EInstein once said, “lt 1s theory that decides what we can observe. ” 

In the end, 1t's probably 1mpossIble to tease out whether the heads or taIls of science, the theory or 
the experIment, has done more to push sclence ahead. That's especially true when you consider that 
Mendeleev made many wrong predictions. He was lucky, really, that a good sclentist like Lecoq de 
Bolisbaudran discovered eka-aluminum first. If someone had poked around for one of his mistakes—— 
Mendeleev predicted there were many elements before hydrogen and swore the sun”s halo contained 
a unique element called coromum—the Russian mipht have died In obscurtity. But Just as people 
forgave ancIent astrologers who spun false, even contradictory, horoscopes and fixated 1nstead on the 
one brilliant comet they predicted exactly, people tend to remember only Mendeleev”s triumphs. 
Moreover, when simplifying history 1s tempting to øIive Mendeleev, as well as Meyer and others, 
too much credit. They did the 1mportant work 1n building the trellis on which to nail the elements; but 
by 18569, only two-thirds of all elements had been discovered, and for years some of them sat 1n the 
wrong columns and rows on even the best tables. 

Loads of work separates a modern textbook from Mendeleev, especIally regarding the mess of 
elements now quarantined at the bottom of the table, the lanthamides. The lanthamides start with 
lanthanum, elemert fiffy-seven, and their proper home on the table baffled and bedeviled chemnsts 
well Iinto the twentieth century. Their buried electrons cause the lanthamides to clump together In 
frustrating ways; sorting them out was like unknofting kudzu or 1vy. Spectroscopy also stumbled with 
lanthamides, since even 1f sclentists detected dozens of new bands of color, they had no Idea how 
many new elemerts that translated to. Even Mendeleev, who wasnt shy about predictions, decided 
the lanthamdes were foo vexed to make guesses about. Few elements beyond cerium, the second 
lanthamde, were known 1n 1869. But Instead of chiseling 1n more “ekas,” Mendeleev admtted his 
helplessness. After cerium, he doffed his table with row affter row of frustrating blanks. And later, 
while filling In new lanthamides affer cerium, he often bungled their placement, partly because many 


“new” elements turned out to be combinations of known ones. If“s as 1f cerium was the edge of the 
known world to Mendeleev”s circle, Just like Gibraltar was to anclent mariners, and after cerIum they 
risked falling Into a whirlpool or draining offthe edge of the earth. 

In truth, Mendeleev could have resolved all his frustrations had he traveled Just a few hundred 
miles west from St. Petersburg. There, in Sweden, near where cerIum was first discovered, he would 
have come across a nondescrIpt porcelain mine 1n a hamlet with the funny name of Ytterby. 
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An early (sideways) periodic table produced by Dmitri Mendeleev In 1669. The huge gạp dƒier 
cerium (Ce) shows how little Mlendeleev and his contemporaries knew qabout the convoluted 
chemistry oƒ the rare earth mefals. 


In 1701, a braggadocIan teenager named Johamn Friedrich Böttger, ecsfatic at the crowd he”d rallied 
with a few white lies, pulled out two sllver coIns for a magic show. After he waved his hands and 
performed chemical voodoo on them, the sllver pleces “disappeared,” and a sinele gold plece 
materialized 1n their place. It was the most convIncing display of alchemy the locals had ever seen. 
Böttger thoupht his repuftatlon was set, and unfortunately 1t was. 

Rumors about Böttger Inevitably reached the king ofPoland, Augustus the Strong, who arrested the 
young alchemnist and locked hìm, Rumpelstiltskin-like, 1n a castle to spin gold for the king”s realm. 
Obviously, Böttger couldn”t deliver on this demand, and after a few futile experiments, this harmless 
liar, still quite young, found himself a candidate for hanging. Desperate to save hIs neck, Böttger 
begged the king to spare him. Althoupgh heˆd failed with alchemy, he claimed he knew how to make 
porcelain. 

At the time, this claim was scarcely more credible. Ever since Marco Polo had returned from 
China at the end of the thirteenth century, the European gentry had obsessed over white Chinese 
porcelain, which was hard enouph to resist scratching with a nail file yet miraculously translucent 
like an eggshell. Empires were Judged by their tea sets, and wIld rumors spread about porcelaIn's 
power. One rumor held that you couldnˆt get poIlsoned while drinking from a porcelain cup. Another 
claimed the Chinese were so fabulously wealthy In porcelain that they had erected a nine-story tower 
Of If, Just to show off. (That one turned out to be true.) For centurles, powerful Europeans, like the 


Medicl In Florence, had sponsored porcelain research but had succeeded 1n producing only C-minus 
knockoffs. 

Luckily for Bötfger, King Augustus had a capable man working on porcelain, Ehrenfried Walter 
von Tschirnhaus. Tschirnhaus, whose previous Job was to sample the Polish soil to figure out where 
to dig for crown Jewels, had Just Invented a speclal oven that reached 3,000°E. This allowed him to 
melt down porcelain to analyze 1t, and when the king ordered the clever Böttger to become 
Tschirnhaus's assIsfant, the research took off. The duo discovered that the secret 1npredienfs In 
Chinese porcelain were a whife clay called kaolin and a feldspar rock that fuses Into glass at hiph 
temperatures. Just as crucially, they figured out that, unlike with most crockery, they had to cook the 
porcelain glaze and clay simultaneously, not 1n separate steps. It's this high-heat fusion of glaze and 
clay that øIves true porcelaIn 1fs lucidify and toughness. After perfecting the process, they returned, 
relleved, to show their liege. Augustus thanked them profusely, dreaming that porcelain would 
immediately make him, at least socially, the most Iinuential monarch In Europe. And after such a 
breakthrouph, Böttger reasonably expected his freedom. Unfortunately, the king decided he was now 
too valuable to release and locked him up under tighfter secur1fty. 

Inevitably, the secret of porcelain leaked, and Böttger and Tschirnhausˆs recIpe spread throughout 
Europe. With the basic chemnstry 1n place, craftsmen tinkered w1th and 1mproved the process over the 
next half century. Soon, wherever people found feldspar, they mined 1t, 1ncluding In frosty 
Scandinavia, where porcelain stoves were pr1zed because they reached hipher temperatures and held 
heat longer than Iron-belly stoves. To feed the burgeoming Industry 1n Europe, a feldspar mine opened 
a dozen miles from Stockholm, on the 1sle of Ytterby, in 1760. 

Ytterby, pronounced “itt-er-bee” and meaning “outer village,” looks exactly like you °d hope a 
coastal village in Sweden would, with red-roofed houses rIpht on the water, big white shutters, and 
lots of fir trees In roomy yards. People travel around the archipelago 1n ferrles. Streefs are named for 
minerals and elements.Š 

The Ytterby quarry was scooped from the top ofa hilÏ 1n the southeast corner of the 1sland, and 1t 
supplied fine raw ore for porcelain and other purposes. More Intriguingly for scIenfisfs, 1fs rocks also 
produced exoftic pigmernfs and colored glazes when processed. Nowadays, we know that bright colors 
are dead giveaways of lanthanides, and the mine In Ytterby was unusually rich 1n them for a few 
øeological reasons. The earth's elemenfts were once mixed umiformly In the crust, as 1f someone had 
dumped a whole rack of spIces 1nto a bowl] and stirred 1t. But metal atoms, especially lanthamides, 
tend to move 1n herds, and as the molten earth churned, they clumped together. Pockets of lanthamdes 
happened to end up near——actually beneath—Sweden. And because Scandinavia lies near a fault line, 
tectomc plate action 1n the remote past plowed the lanthanrde-rich rocks up from deep underground, a 
process atlded by Bunsen”s beloved hydrothermal vents. FInally, during the last lce Age, exfensIve 
Scandinavian glaclers shaved off the surface of the land. This final geological event exposed the 
lanthamrde-rich rock for easy mining near Ytterby. 

But 1f Ytterby had the proper economic conditlons to make mining profitable and the proper 
øeology to make 1t sclentifically worthwhile, 1t stilÏ needed the proper soclal climate. Scandinavia 
had barely evolved beyond a Viking mentality by the late 1600s, a century during which even 1fs 
universifiles held witch hunts (and sorcerer hunts, for male witches) on a scale that would have 
embarrassed Salem. But In the I700s, after Sweden conquered the peninsulas politically and the 
Swedish Enlightenment conquered 1t culturally, Scandinavians embraced rationalism en masse. Great 
sclentists started popping up all out of proportion to the reglon”s small population. Thịis 1ncluded 
Johan Gadolin, born 1n I760, a chemnst In a line of sclentific-minded academncs. (HiIs father occupIed 


a JoInt professorship 1n physIcs and theoloøy, while his srandfather held the even more unlikely posfs 
ofphysIcs professor and bIshop.) 

Affer extensive travel in Europe as a young man——including In England, where he befriended and 
toured the clay mines ofporcelain maker Josiah Wedgwood——GŒadolin settled down In Turku, 1n what 
1S now Finland, across the Baltic Sea from Stockholm. There he earned a repufation as a geochemnst. 
Amateur geologIsts began shippIng unusual rocks from Ytterby to him to get his opimion, and little by 
litle, through Gadolin”s publications, the scientific world began to hear about this remarkable little 
qUATTV. 

Althoupgh he didnt have the chemical tools (or chemncal theory) to tweeze out all fourteen 
lanthamdes, Gadolin made sIgmificant progress 1n 1solating clusters of them. He made element hunting 
a pastime, even an avocation, and when, in Mendeleev”s old age, chemnists with better tools revIsited 
Gadolin°s work on the Ytterby rocks, new elements started to fall out like loose change. Gadolin had 
started a trend by naming one supposed elemernt yttria, and In homage to all the elements° common 
origIn, chemists began to Immortalize Ytterby on the periodic table. More elemerts (seven) trace theIr 
lineage back to Ytterby than to any other person, place, or thing. lt was the 1nspiration for ytterbium, 
vttrium, terbium, and erbium. For the other three unnamed elemerts, before running out of letters 
(“rbiuw” doesn't quite look right), chemists adopted holmium, after Stockholm; thulium, affter the 
mythic name for Scandinavia; and, at Lecoq de Boisbaudran's 1nsistence, Gadolins namesake, 
gadolimum. 

Overall, of the seven elemerfs discovered 1n Ytterby, six were Mendeleev”s missing lanthanides. 
HiIstory mipht have been very differen—Mendeleev reworked hIs table incessantly and mipht have 
filled in the entire lower realm of the table after cerium by himself—1f only heˆ*d made the trip west, 
across the Gulf of Finland and the Baltic Sea, to this Galápagos lsland ofthe perlodic table. 
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'Where do elemenfs come from The commonsense view that dominated scIence for centurIes was that 
they donˆt come from anywhere. There was a lot of metaphysical Jousting over who (or Who) mipht 
have created the cosmos and why, but the consensus was that the lifetime of every element coincides 
with the lietme of the universe. They re neiIther created nor destroyed: elements Just are. Later 
theories, such as the 1930s big bang theory, folded this view 1nto the1r fabric. Since the pinprick that 
existed back then, fourteen billion years ago, contained all the matter In the universe, everything 
around us must have been eJected from that speck. Not shaped like diamond tiaras and tin cans and 
aluminium foIl quite yet, but the same basic stuff. (One sc1entfist calculated that 1t took the big bang ten 
minutes fo create all known matter, then quipped, ““Phe elements were cooked 1n less time than 1t 
takes to cook a dish of duck and roast potatoes.”) Again, 1s a commonsense view——a stable 
astrohistory ofthe elements. 

That theory began to fray over the next few decades. German and AmerIcan scIentists had proved 
by 1939 that the sun and other stars heated themselves by fusing hydrogen together to form helium, a 
process that releases an outsized amount of energy compared to the atoms' tiny s1ze. Some scIentIsfs 
said, Fine, the population of hydrogen and heltum may change, but only slightly, and there”s no 
evidence the populations of other elemenfs change at all. But as telescopes kept Improving, more 
head-scratchers emerged. In theory, the big bang should have eJected elements umformly In all 
directions. Yet data proved that most young stars contain only hydrogen and helium, while older stars 
stew with dozens of elements. Plus, extremely unstable elements such as technetium, which doesn't 
exIst on earth, đø exIst 1n cerfain classes of “chemically peculiar stars.”* Something must be forging 
those elements anew every day. 

In the mid-1950s, a handful of perceptive astronomers realized that stars themselves are heavenly 
Vulcans. Though not alone, Geoffrey Burbidge, Margaret Burbidge, William Fowler, and Fred Hoyle 
did the most to explain the theory of stellar nucleosynthes1s 1n a famous 1957 paper known simply, to 
the cognoscenti, as B7FH. Oddly for a scholarly paper, BFH opens with two portentous and 
corfradIictory quotes from Shakespeare about whether stars govern the fate of mankind.Š It goes on to 
argue they do. It first suggests the universe was once a primordial slurry of hydrogen, with a 
smattering of helrum and lithium. Eventually, hydrogen clumped together 1nto stars, and the extreme 
øravItational pressure Inside stars began fusing hydrogen 1nto helium, a process that fires every sfar In 
the sky. But however Important cosmologically, the process 1s dull scIentifically, since all stars do 1s 
churn out helium for billions of years. Only when the hydrogen burns up, B“FH suggests——and here ¡s 
1fs real contrIbution—do things start shakIng. Stars that sit bovinely for aeons, chewing hydrogen cud, 
are transformed more profoundly than any alchemist would have dared dream. 

Desperate to maintain high temperatures, stars lacking hydrogen begin to burn and fuse helium 1n 
their cores. Sometimes helium atoms stick together completely and form even-numbered elements, 


and sometimes protons and neutrons spall off to make odd-numbered elements. Pretty soon 
appreclable amounts of lithium, boron, beryllium, and espec1ially carbon accumulate 1nside stars (and 
only 1nside—the cool outer layer remains mostly hydrogen for a star”s lifetime). Unfortunately, 
burming helium releases less energy than burning hydrogen, so stars run throuph their helium In, at 
most, a few hundred million years. Some small stars even “die” at this poInf, creating molten masses 
Of carbon known as white dwarfs. Heavier stars (eIpht times or so more massive than the sun) fipht 
on, crushing carbon Info six more elements, up to magnesium, which buys them a few hundred years. 
A few more sfars perIsh then, but the biggest, hotfest stars (whose 1nteriors reach five billion degrees) 
burn those elemerts, too, over a few million years. B”FH traces these various fusion reactions and 
explains the recIpe for producIng everything up to 1ron: 1t s nothing less than evolution for elemenfs. 
As a result of BˆFH, astronomers today can indiscriminately lump every element between lithium and 
1ron together as stellar “metals,” and once theyˆve found 1ron In a star, they dont bother looking for 
anything smaller——once 1ron 1s spoffed, 1t's safe to assume the rest of the periodic table up to that 
pOoInt 1s represernted. 

Common sense suggesfs that Iron atoms soon fuse 1n the biggest sfars, and the resulting atoms fuse, 
forming every element down to the depths of the periodic table. But agaIn, common sense fails. When 
you do the math and examine how much energy 1s produced per atomic union, you find that fusing 
anything to Iron's twenty-six profons cos/s energy. That means posf-ferric fusionŠ does an energy- 
hungry star no good. lron 1s the final peal ofa starˆs natural lIfe. 

So where do the heavlest elements, twenty-seven throuph ninety-two, cobalt through uranium, 
come from? Ironically, says B7FH, they emerge ready-made from mini-big bangs. After prodigally 
burning through elemenfs such as magnesium and silicon, extremely massive stars (twelve times the 
size Of the sun) burn down to 1ron cores In about one earth day. But before perishing, there”s an 
apocalyptic death rattle. Suddenly lacking the energy to, like a hot gas, keep therr full volume, burned- 
out sfars Implode under theIr own Immense gravity, collapsing thousands of miles In Just seconds. In 
their cores, they even crush protons and electrons together Into neutrons, until little but neutrons 
remains there. Then, rebounding from this collapse, they explode outward. And by explode, I mean 
explode. For one glorIous month, a supernova stretches millions of miles and shines brighter than a 
billion stars. And during a supernova, so many øazIllions of particles w1th so mụch momentum collide 
so many times per second that they high-Jump over the normal energy barrlers and fuse onfo 1ron. 
Many Iron nuclei end up coated 1n neutrons, some of which decay back Into protons and thereby 
create new elements. Every natural combination of element and 1sotope spews forth from this particle 
blizzard. 

Hundreds of mllions of supernovae have gone throuph this reIncarnation and cataclysmic death 
cycle 1n our galaxy alone. One such explosion precIpitated our solar system. About 4.6 billion years 
ago, a supernova sent a sonmic boom throuph a flat cloud ofspace dust about fifteen billion miles w1de, 
the remains of at least two previous stars. The dust particles commnngled with the spume from the 
supernova, and the whole mess began to sw1rl in pools and eddies, like the bombarded surface of an 
immense pond. The dense center of the cloud boiled up 1nto the sun (making 1t a cannibalized remmant 
of the earlier stars), and planetary bodles began to ageregate and clump together. The most 
ImpressIve planets, the gas gianfs, formed when a stellar wIind—a stream of eJecta from the sun—— 
blew lighter elemenfts outward toward the fringes. Among those gianfs, the øgassIest 1s JupIter, which 
for VarIOus reasons 1s a fantasy camp for elements, where they can live In forms never Imagined on 
earth. 

Since ancIent times, legends about brilliant Venus, ringed Saturn, and Martian-laden Mars have 


pInged the human Imagination. Heavenly bodies provided fodder for the naming of many elements as 
well. Uranus was discovered In [781 and so exciIted the sclentific commumity that, despIte the fact 
that 1t contains basically zero prams of the element, a scIentist named uramum after the new planet 1n 
1789. Neptumum and plutonrum sprang from this tradition as well. But of all the planets, Jupiter has 
had the most spectacular run In recent decades. In 1994, the Shoemaker-Levy 9 comet collided with 
1t, the first Intergalactic collision humans ever wifnessed. It didn't disappoint: twenty-one comet 
fragments struck home, and fireballs jumped two thousand miles hiph. Thịs drama aroused the public, 
too, and NASA scIentists were soon fending off some startling questions during open Q & Á sesslons 
online. One man asked 1f the core of JupIter mipht be a diamond larger than the entire earth. Someone 
else asked what on earth Jupiterˆs giant red spot had to do with “the hyper-dimensional physics 
[heˆd| been hearing about,” the kind of physics that would make time travel possible. À few years 
after Shoemaker-Levy, when JupiIter's øravIty bent the spectacular Hale-Bopp comet toward earth, 
thirty-nmine Nike-clad cultists in San Diego commritted suicide because they believed that Jupiter had 
divinely deflected 1t and that 1t concealed a UFO that would beam them to a higher spiritual pÏane. 

Now, there”s no accounting for strange belief§. (Despite his credentials, Fred Hoyle of the B“EH 
cohort didn”t believe 1n either evolution or the big bang, a phrase he coined derisively on a BBC 
radio show to pooh-pooh the very 1dea.) But the diamond question 1n the prevIous paragraph at least 
had foundation In fact. A few sclentists once serlously argued (or secretly hoped) that JupIter ˆs 
Immense mass could produce such a huge gem. Some still hold out hope that liquid diamonds and 
Cadillac-sized solid ones are posstble. And 1f you re looking for truÌy exotic materlals, astronomers 
believe that Jupiter's erratilc magnetic field can be explained only by oceans of black, liquid 
“metallic hydrogen.” ScIentists have seen metallic hydrogen on earth only for nanoseconds under the 
most exhaustively extreme conditlons they can produce. Yet many are conviInced that Juptter has 
dammecd up a reservoIr of1t twenty-seven thousand miles thick. 

The reason elements live such strange lives 1nside Jupiter (and to a lesser extent 1nside Saturn, the 
next-largest planet) 1s that JupIter 1s a ˆtweener: not a large planet so much as a failed star. Had 
Jupiter sucked up about ten times more detritus during 1s formafion, 1t mipht have graduated to a 
brown dwarf, a star with Just enough brute mass to fuse some atoms together and give off low-watt, 
browmish lipht.* Our solar system would have contained two stars, a binary system. (As we”lÏ see, 
this 1sn't so crazy.) JupIfer 1nstead cooled down below the threshold for fusion, but 1t maIntained 
enoueph heat and mass and pressure to cram atoms very close together, to the poInt they stop behaving 
like the atoms we recogmize on earth. Inside Juplter, they enter a limbo of possibility between 
chemical and nuclear reactlons, where planet-sized diamonds and olly hydrogen metal seem 
plausible. 

The weather on Jupifter s surface plays similar tricks with elements. This shouldnˆt be surprIsing 
on a planet that can support the giant red eye——a hurrIcane three times wIder than the earth that hasn't 
dissipated after centuries of furIous storming. The meteorology deep 1nside JupIter 1s possIbly even 
more specfacular. Because the stellar wind blew only the lightest, most common elements as far out 
as Jupiter, 1t should have the same basic elemental composition as real stars—90 percent hydrogen, 
I0 percent helium, and predictable traces of other elemerts, 1ncluding neon. But recent satellite 
observations showed that a quarter of the helium 1s missing from the outer atmosphere, as 1s 90 
percent of the neon. Not coincidernfally, there 1s an abundance of those elements deeper down. 
Something apparently had pumped helrum and neon from one spot to the other, and scIenfisfs soon 
realized a weather map could tell them what. 

In a real star, all the mim-nuclear booms In the core counterbalance the constant inward tug of 


øravity. In Jupiter, because 1t lacks a nuclear furnace, little can stop the heavier helium or neon 1n the 
oufer, øaseous layers from falling inward. About a quarter of the way 1nto Jupiter, those øases draw 
close to the liquid metallic hydrogen layer, and the Intense atmospheric pressure there crushes the 
đissolved gas atoms together 1nto liquids. They quickly precIpifate out. 

Now, everyone has seen helium and neon burning bripht colors 1n tubes of øÏlass——so-called neon 
lights. The frictilon from skydiving above Jupiter would have exciIted falling droplets of those 
elemenfs 1n the same way, energ1zIng them like meteors. So 1f big enouph droplets fell far enouph fast 
enoueph, someone floating right near the metallic hydrogen layer Inside JupIter maybe, Just maybe, 
could have looked up Info 1s cream and orange sky and seen the most spectacular light show ever—— 
fireworks lipghting up the Jovian mght with a trillion streaks of brilliant crimson, what sclentists call 
neon raIn. 


The history of our solar system's rocky planets (Mercury, Venus, Earth, and Mars) 1s different, the1r 
drama subtler. When the solar system began to coalesce, the gas giants formed first, 1n as little as a 
million years, while the heavy elements congregated In a celestial belt roughly centered on the earth”s 
orbit and stayed qulet for millions of years more. When the earth and 1ts neighbors were finally spun 
I1nto molten globes, those elements were blended more or less uniformly inside them. Ðzce William 
Blake, you could have scooped up a handful of soil and held the whole universe, the whole periodic 
table, in your palm. But as the elements churned around, atoms began tagging up with theIr twins and 
chemical cousins, and, after billions of passes up and down, healthy-sized deposits of each element 
formed. Dense i1ron sank to the core 1nside each planet, for 1nstance, where 1t resfs today. (Not to be 
oufdone by Jupiter, Mercuryˆs liquid core sometimes releases 1ron “snowflakes” shaped not like our 
planet's familiar, water-based hexagons, but like microscopIc cubes. 5) The earth mipht have ended 
up as nothing but huge floes of uranrum and aluminrum and other elemerts, except that something else 
happened: the planet cooled and solidiied enouph to make churning difficult. So we”re left today 
with clusters of elements, but enough clusters spread far enouph apart that—except In a few notor1Ous 
Cases—no one country monopolizes theIr supply. 

Comparcd to planets around other stars, our system's four rocky planets have different abundances 
of each type of element. Most solar systems probably formed from supernovae, and each system”s 
exact elemertal ratios depend on the supernova energy avaIlable beforehand to fuse elements and also 
what was presert (like space dust) to mix with the eJecta. As a result, each solar system has a unique 
elemerfal signature. From high school chemnstry you probably remermmber seeing a number below each 
element on the periodic table to indicate 1s atomic weIght—the number of protons plus the number of 
neutrons. Carbon weiphs 12.011 unifs, for example. In reality, that”s Just an average. Most carbon 
atoms weiph exactly I2 umts, and the 0.011 gets tacked on to account for the scattered carbons that 
welIph 13 or l4 umits. In a different galaxy, however, carbon”s average could stray sliphtly higher or 
lower. Furthermore, supernovae produce many radloactive celemenfts, which start decayIng 
1immediately after the explosion. Ifs hiphly unlikely two systems would have the same ratlo of 
radioactive to nonradioactive elements unless both systems were born at once. 

Given the varlability among solar systems, and given that ther fÍormation took place 
1ncomprehensibly long ago, reasonable people might ask how sclentists have the fogølest idea how 


the earth was formed. Basically, sclentists analyzed the amount and placement of common and rare 
elemernfs 1n the earthˆs crust and deduced how they could have gotten where they are. For Instance, the 
common elements lead and uramum fixed the birth date of the planet throuph a serles of almost 
I1nsanely meticulous experiments done by a graduafe student 1n Chicago 1n the 19505. 

The heaviest elements are radioactive, and almost all—most notably uranum——break down 1nto 
steady lead. Since Clalr Patterson came up professionally after the Manhattan ProJect, he knew the 
precIse rate at which uranium breaks down. He also knew that three kinds of lead exist on earth. Each 
type, or 1sotope, has a different atomic weight—204, 206, or 207. Some lead of all three types has 
existed since our supernova birth, but some has been created fresh by uramum. The catch 1s that 
uramum breaks down 1nfo onÏy two of those types, 206 and 207. The amount of 204 1s fixed, since no 
element breaks down 1nfo 1t. The key 1nsight was that the ratlo of206 and 207 to the fixed 204 1sotope 
has Increased at a predictable rate, because uranium keeps making more of the former two. lí 
Patterson could figure out how much higher that ratio was now than originally, he could use the rate of 
uramum decay to extrapolate backward to year Zero. 

The spIt In the punch bowl was that no one was around to record the original lead ratios, so 
Patterson didnˆt know when to stop tracing backward. But he found a way around that. Not all the 
space dust around the earth coagulated Into planets, of course. Meteors, asteroids, and comets formed, 
too. Because they formed from the same dust and have floated around 1n cryogenic space since then, 
those objects are preserved hunks of primordial earth. What's more, because 1ron sits at the apex of 
the stellar nucleosynthesis pyramid, the universe confains a disproportlonate amount. Meteors are 
solid 1ron. The øood news 1s that, chemically, Iron and uranium don'ˆt mix, but 1ron and lead do, so 
meteors contain lead In the same original ratlos as the earth did, because no uranium was around to 
add new lead atoms. Patterson excitedly got hold of meteor bits from Canyon Diablo 1n Ar1zona and 
øof to work. 

Only to be derailed by a bIigger, more pervasive problem: 1ndustrialization. Humans have used 
soft, pliable lead since ancIent times for proJectfs like municipal water pIpes. (Lead”s symbol on the 
periodic table, Pb, derives from the same Latin word that gave us “plumber.”) And since the advent 
of lead paint and leaded “anti-knock” gasoline 1n the late nineteenth and early twentieth centuries, 
ambiert lead levels had been r1sing the way carbon dioxide levels are rIsing now. Thịs pervasIveness 
ruined Pattersonˆs earÌy aftempts to analyze meteors, and he had to devIse ever more drastIc measures 
—such as boiling equipmert In concertrafed sulfuric acIid—to keep vapor1zed human lead out of his 
prIsfine space rocks. As he later told an Interviewer, ““The lead from your hair, when you walk 1nto a 
super-clean laboratory like mine, w1Ïl contaminate the whole damm laboratory.”” 

This scrupulousness soon morphed 1nto obsession. When reading the Sunday comics, Patterson 
began to see PIg-Pen, the dust-choked Peawøwís character, as a metaphor for humamty, In that PIg- 
Pen”s perpetual cloud was our airborne lead. But Patterson”s lead fixation did lead to two 1mportant 
results. FIirst, when he”d cleaned up his lab enough, he came up with what”s still the best estimate of 
the carth's age, 4.55 billion years. Second, his horror over lead contamination turned him Info an 
activist, and he”s the largest reason future children w1ÏÌÏ never eat lead paInt chịps and gas statlons no 
longer bother to advertise “unleaded” on theIr pumps. Thanks to Patterson”s crusade, 1ts common 
sense today that lead paInt should be banned and cars shouldnt vapor1ze lead for us to breathe 1n and 
get 1n our ha1r. 


Patterson may have pinned down the earth's orIgin, but knowing when the earth was formed 1sn”t 


everything. Venus, Mercury, and Mars were formed simultaneously, but except for superficial detaIls, 
they barely resemble Earth. To piece together the fine details of our history, scIentists had to explore 
some obscure corrIdors ofthe periodic table. 

In 1977, a father-son physIcIst-geologIst team, Luis and Walter Alvarez, were studying limestone 
deposits 1n Italy from about the time the dinosaurs died out. The layers of limestone looked umform, 
but a fine, unaccountable layer of red clay dusted the deposIts from around the date of extinction, 
sixty-five million years ago. Strangcly, too, the clay contained six hundred times the normal level of 
the element 1ridium. Iridium 1s a siderophile, or 1ron-loving, element,* and as a result most Of 1t 1S 
tied up 1n the earths molten Iron core. The onÏy common source of 1ridium 1s 1ron-rich meteors, 
asteroids, and comets——which got the Alvarezes thinking. 

BodIles like the moon bear crater scars ffom ancIent bombardmerts, and there”s no reason to think 
the earth escaped such bombardmerts. If a huge something the size of a metropolis struck the earth 
sixty-five million years ago, 1t would have sent up a PIg-Pen-esque layer of Iridlum-rich dust 
worldwide. This cloud would have blotted out the sun and choked off plant life, which all In all 
seemed a tidy explanation for why not Just dinosaurs but 7Š percent of all specIes and 99 percent of 
all living beIngs died out around that time. It took a lot of work to convince some scIenfisfs, but the 
AIvarezes soon determined that the Iridtum layer extended around the world, and they ruled out the 
competing possIbility that the dust deposits had come from a nearby supernova. When other 
øeologists (working for an oIl company) discovered a crater more than one hundred miles wide, 
twelve miles deep, and sixty-five million years old on the Yucatán Peninsula in Mexico, the asteroid- 
1r1dIum-extinction theory seemed proved. 

Except there was still a tiny doubt, a snag on people”s scIentific conscience. Maybe the asteroid 
had blackened the sky and caused acid rain and mile-high tsunamns, but 1n that case the earth would 
have settled down within decades at most. The trouble was, according to the fossil record, the 
dinosaurs died out over hundreds of thousands of years. Many geologIsts today believe that massIve 
volcanoes, 1n India, which were coincidentally erupting before and after the Yucatán 1mpact, helped 
kill off the dinosaurs. And 1n 1984, some paleontologIsts began arguing that the dinosaur die-off was 
part ofa larger pattern: every twenty-six million years or so, the earth seems to have undergone mass 
extInctions. Was 1t Just a coIncidence that an asteroid fell when the dinosaurs were due? 

GeologIsts also began unearthing other th layers of I1ridium-rich clay—which seemed to 
coincide geologtcally with other extinctions. Following the Alvarezes” lead, a few people concluded 
that asterolds or comets had caused all the maJor wIpeouts 1n the earth's history. Luis Alvarez, the 
father 1n the father-son team, found this idea dub1ious, especialÏy since no one could explain the mostf 
1mportant and most radically implaustible part of the theory—the cause of the consistency. Fiftinply, 
what reversed Alvarez's opInion was another nondescrIpt element, rhenmum. 

As AIvarez's colleague Richard Muller recalled 1n the book Memes¿is, Alvarez burst Into Muller ˆs 
ofice one day 1n the 1980s waving a “ridiculous”” and speculatIve paper on periodic extinctions that 
he was supposed to peer-review. Alvarez already appeared to be In a froth, but Muller decided to 
goad Alvarez anyway. The two began arguing like spouses, complete w1th quivering lips. The crux of 
the matter, as Muller summar1zed 1t, was this: “In the vastness of space, even the Earth 1s a very small 
target. An asteroId passing close to the sun has only sliphtly better than one chance In a billion of 
hitting our planet. The 1mpacts that do occur should be randomly spaced, not evenly strung out In time. 
'What could make them hit on a regular schedule?” 

Even thouph he had no clue, Muller defended the oss757/7£y that something could cause perIodIc 
bombardmernts. FInally, Alvarez had had enough with conjectures and called Muller out, demanding 


to know what that something was. Muller, in what he described as an adrenaline-fueled moment of 
1mprovised genius, reached down and blurted out that maybe the sun had a roaming companion sfar, 
around which the earth circled too slowly for us to notilce—and, and, and whose gravity yanked 
asteroIds toward the earth as 1t approached us. 7Take that! 

Muller might have meant the compamion sfar, later dubbed Nemesis Š (after the Greek goddess of 
retrIbution), only half-serIously. Nevertheless, the Idea stopped Alvarez short, because 1t explained a 
tantalizing detail about rhemum. Remember that all solar systems have a signature, a unique rafIo of 
1sofopes. TIraces of rhenum had been found blended 1n the layers of 1ridium clay, and based on the 
ratIo oftwo types of rhemum (one radIoactive, one not), Alvarez knew that any purported asteroids of 
doom had to have come from our home solar system, since that ratlo was the same as on earth. lí 
Nemesis really did swing on by every twenfy-six million years and sÏing space rocks at us, those 
rocks would also have the same ratlo of rhemum. Best of all, Nemesis could explain why the 
dinosaurs died out so slowly. The MexIcan crater mieht have been only the bIiggest blow In a 
pummeling that lasted many thousands of years, as long as NemesIs was 1n the neighborhood. It might 
not have been one massive wound but thousands or millions of small stings that ended the famous aøe 
of the terrible lizards. 

That day in Mullerˆs office, Alvarez”s temper——easy come, easy øo—evaporated as soon as he 
realized that periodic asteroIids were at least possible. Satisfied, he left Muller alone. But Muller 
couldn't let go of the serendipifous 1dea, and the more he pondered 1t, the more he grew convinced. 
Why couldn't Nemesis exist? He started talking to other astronomers and publishing papers on 
Nemesis. He gathered evidence and momentum and wrote his book. For a few glorlous years 1n the 
mid-I9S0s, 1t seemed that even 1f Jupiter didnˆt have enouph mass to fire 1fself up as a star, maybe the 
sun had a celestial compamon after all. 

Unfortunately, the noncircumstantial evidence for NemesIs was never strong, and 1t soon looked 
even scantier. Ifthe original single-Impact theory had drawn fire from critics, the Nemesis theory had 
them lined up to volley bullets like redcoafs 1n the Revolutionary War. Its unlikely that astronomers 
had simply missed a heavenly body 1n thousands of years of scanning the sky, even If Nemesis was at 
1s farthest poInt away. EspecIally not since the nearest known star, Alpha Centaurt, 1s four lipht-years 
away, while Nemesis would have had to 1nch wiIthin half a light-year to Infiict 1ts retribution. There 
are holdouts and romarntics stIlÏ scouring our cosmic zIp code for Nemesis, but every year w1thout a 
siphting makes NemesIs more unlikely. 

Stil, never underestimate the power of getting people thinking. Given three facts—the seeminely 
regular extinctions; the Iridium, which 1mplies 1mpacts; and the rhenum, which 1mplles proJectiles 
from our solar system——sclentists felt they were onto something, even 1f Nemesis wasnt the 
mechanism. They hunted for other cycles that could wreak havoc, and they soon found a candidate 1n 
the motion of the sun. 

Many people assume that the Copermican revolution tacked the sun to a fixed spot 1n space-time, 
but really, the sun 1s dragged along In the tides of our local spiral galaxy and bobs up and down like a 
carousel as 1t drifts.* Some scIentists think this bobbing brings 1t close enouph to tuø on an enormous 
drifting cloud of comets and space debris that surround our solar system, the Oort cloud. Oort cloud 
objects all orIpinated with our supernova birth, and whenever the sun climbs to a peak or sinks to a 
troueh every twenty-some million years, 1t mipht attract small, unfriendly bodies and send them 
screaming toward earth. Most would get deflected by the gravity of the sun (or Jupiter, which took the 
Shoemaker-Levy bullet for us), but enough would sÏip through that earth would get pummeled. Thịs 
theory 1s far from proved, but 1f 1t ever 1s, we re on one long, deadly carousel ride throuph the 


universe. At least we can thank Iridium and rhemum for letting us know that, perhaps soon, we”d 
better duck. 

In one sense, the periodic table 1s actually 1rrelevant to studyIng the astrohistory of the elements. 
Every star consIsfs of virtually nothing but hydrogen and helium, as do gas giant planets. But however 
1mportant cosmologIcally, the hydrogen-helrum cycle doesn't exactly fire the Imagination. To extract 
the most I1nteresting details of existence, such as supernova explosions and carboniferous life, we 
need the periodic table. As philosopher-historian Eric Scerri writes, “All the elements other than 
hydrogen and helitum make up Just 0.04 percent of the unverse. Seen from this perspective, the 
perlodic system appears to be rather Insigmficant. But the fact remains that we live on the earth... 
where the relative abundance ofelements 1s quite different.” 

True enouph, thouph the late astrophysIcIst Carl Sagan said 1t more poetically. Without the nuclear 
furnaces described ¡in BFH to forge elements like carbon, oxygen, and mtrogen, and without 
supernova explosions to seed hospitable places like earth, liíe could never form. As Sagan 
affectionately put 1t, “We are all star stuff.” 

Unfortunately, one sad truth of astrohistory 1s that Sagan”s “star stuff” didn't prace every part of 
our planet equally. Despite supernovae exploding elements 1n all directlons, and desplte the best 
efforts of the churning, molten earth, some lands ended up with higher concentrations ofrare minerals. 
Sometimes, as 1n Ytterby, Sweden, this Inspires sclentific øemus. Too offen 1t Inspires øreed and 
rapacIousness——especially when those obscure elements find use 1n commerce, war, or, worst of all, 
both at once. 


Elemenfs In Từmes 0ƒ War 
_ 


Like other staples of modern soclety—democracy, philosophy, drama—we can trace chemical 
warfare back to anclent Greece. The cIty-state of Sparta, layIng slege to Athens In the 400s BC, 
decided to gas 1fs stubborn rival 1nto submission with the most advanced chemical technology of the 
time—smoke. Tipht-lipped Spartans crept up to Athens with noxious bundles of wood, pitch, and 
stinky sulftr; lit them; and crouched oufside the city walls, watting for coughing Athemians to flee, 
leaving their homes unguarded. Thouegh as brilliant an Innovation as the TroJan horse, the tactic failed. 
The fumes billowed through Athens, but the cIty survived the stink bomb and went on to w1n the war.Š 

That fatllure proved a harbinger. Chemical warfare progressed fitflly, 1f at all, for the next 
twenty-four hundred years and remained far Inferior to, say, pouring boiling oIl on attackers. Up until 
World War I, gas had litle stratepic value. Not that countries didn”t recogmize the threat. All the 
scIentifically advanced nations 1n the world, save one holdout, signed the Hague Convention of 1899 
to ban chemical-based weapons In war. But the holdout, the United States, had a poInt: banning øases 
that at the trme were hardly more powerful than pepper spray seemed hypocritical 1f counfrles were 
all too happy to mow down eIghteen-year-olds with machine guns and sink warships with torpedoes 
and let sallors drown 1n the dark sea. The other countries scoffed at Ư.S. cymcIsm, ostenfatiously 
signed the Hague pact, and promptly broke their word. 

Early, secret work on chemical agents centered on bromine, an energetic ørenade of an elemert. 
Like other halogens, bromine has seven elecftrons 1n 1fs outer energy level but desperately wanfts eIeht. 
Bromnne figures that the end Justifies the means and shreds the weaker elemenfs In cells, such as 
carbon, to get 1fs elecftron fix. Bromine especially 1rritates the eyes and nose, and by 1910 military 
chemists had developed bromine-based lacrimators so potent they could 1ncapacitate even a ørown 
man with hot, searing tears. 

HaviIng no reason to refrain from using lacrImators on 1fs own cItizens (the Hague pact concerned 
only warfare), the French government collared a ring of Parisian bank robbers with cthyl 
bromoacetate In 1912. Word of this event quickly spread to France”s neighbors, who were rIpht to 
worry. When war broke out in August 1914, the French immediately lobbed bromine shells at 
advancIng GŒerman troops. But even Sparta two millenmia before had done a better Job. The shells 
landed on a windy plain, and the gas had little effect, blowing away before the Germans realIzed 
theyˆd been “attacked.” However, 1fs more accurate to say the shells had litle 7zzz»nedïare effect, 
since hysterical rumors ofthe gas tore through newspapers on both sides of the conflict. The Germans 
fanned the flames——blaming an unlucky case of carbon monoxide poIsoning 1n theIr barracks on secret 
French asphyxIants, for 1nstance——to JustIfy their own chemical warfare program. 

Thanks to one man, a bald, mustached chemist who wore a pInce-nez, the German gas research 
umfs soon oufpaced the rest of the world”s. Fritz Haber had one of the øreat minds 1n history for 
chemnstry, and he became one of the most famous sc1erntists 1n the world around 1900 when he figured 
out how to convert the commonest of chemicals—the mitrogen 1n air——into an Industrial product. 
Although mitrogen gas can suffocate unsuspecting people, 1fs usually benign. In fact, 1ts bemign 





almost to the point of uselessness. The one 1mportant thing mfrogen does 1s replenish soIl: 1t” as 
crucial to pÏants as vitamin C 1s to humans. (When pitcher plants and Venus flytraps trap 1nsects, 1t”s 
the bugsˆ mtrogen theyˆre after.) But even thouph mtrogen makes up 80 percent of alIr——fÍour of every 
five molecules we breathe——If's surprisinely bad at toppIing off soIl because 1t rarely reacts with 
anything and never becomes “fixed” 1n the soil. That combination of plentitude, Ineptitude, and 
1mportance proved a natural target for ambitIous chemnsts. 

There are many steps 1n the process Haber Invenfted to “capture” nitrogen, and many chemicals 
appear and disappear. But basically, Haber heated mtrogen to hundreds of degrees, InJected some 
hydrogen øas, turned up the pressure to hundreds of times greater than normal alr pressure, added 
some cruclal osmium as a catalyst, and voilà: common aIr transmuted Into ammonia, NH¿, the 


precursor of all fertilizers. With cheap Iindustrial fertilizers now avallable, farmers no longer were 
limted to compost pIles or dung to nour1sh their soil. Even by the time World War I broke out, Haber 
had likely saved millions from Malthusian starvation, and we can still thank him for feeding most of 
the worldˆs 6.7 billion people today.Š 

What”s lost 1n that summary 1s that Haber cared litfle about fertilizers, despIte what he sometImes 
said to the contrary. He actually pursued cheap ammomia to help Germany build nitrogen explosIves 
—the sort of fertilizer-distilled bombs that Timothy MecVeigh used to blow a hole in an Oklahoma 
City courthouse 1n 1995. If's a sad truth that men like Haber pop up frequently throuphout hIstory—— 
petty Fausts who twIst sclentific innovations 1nto efficient killing devices. Haberˆs sfory 1s darker 
because he was so skilled. After World War I broke out, German military leaders, hoping to break the 
trench stalemate ruining their economy, recruited Haber for theIr gas warfare division. Thouph set to 
make a fortune from øovernmernt contracts based on his ammomia patents, Haber couldnˆt throw away 
his other proJects fast enouph. The division was soon referred to as “the Haber office,” and the 
military even promoted Haber, a forty-six-year-old Jewish convert to Lutheranism (it helped his 
career), to captain, which made him childishly proud. 

HIs family was less Impressed. Habers ủber alles stance chilled his personal relatlonships, 
especially with the one person who mieht have redeemed him, his wife, Clara Immerwalr. She also 
exuded gemus, becoming the first woman to earn a Ph.D. from the prestigIous university in Haber ˆs 
hometown, Breslau (now Wroclaw). But unlike Marle Curie, a contemporary of hers, lmmerwalr 
never came 1nto her own, because Instead of marryIing an open-minded man like PIierre Curle, she 
marriled Haber. On I1ts face, the marrlaøe was not a poor cholce for someone with sclentific 
ambitions, but whatever Habers chemical brilliance, he was a fawed human beIng. Immerwalr, as 
one hIsforian pufs 1t, “was never out of apron,” and she once rued to a frilend about “Fritz's way of 
pufing himself first In our home and marrlage, so that a less ruthlessly assertive personality was 
simply destroyed.” She supported Haber by translating manuscrIpts Into English and providing 
techmcal support on the nitrogen proJects, but she refused to help on the bromine gas work. 

Haber barely noticed. Dozens of other young chemists had volunteered, since Germany had fallen 
behind the hated French In chemical warfare, and by early 1915 the Germans had an answer to the 
French lacrimators. Perversely, however, the Germans tested their shells on the British army, which 
had no gas. Fortunately, as 1n the first French gas attack, the wInd dispersed the gas, and the British 
targets——bored out oftheir skulls 1n a nearby trench——had no 1dea theyˆd been aftacked. 

ndeterred, the German mnlitary wanted to devote even more resources to chemical warfare. But 
there was a problem—that pesky Hague pact, which political leaders didnˆt want to break (again) 
publicly. The solution was to 1nterpret the pact 1n an ultraconscIentious yet ultmately bogus way. In 
sipgming 1t, Germany had agreed to “abstain from the use of proJectiles, the sole obJect of which 1s the 


diffusion of asphyxIating or deleterlous gøases.” So to the Germans” sophisticated, legalistic reading, 
the pact had no jurisdiction over shells that delivered shrapnel and gas. It took some cunning 
engineerine—the sloshing liquid bromine, which evaporated 1nto øas on Impact, wreaked havoc with 
the shells” traJectory——but Germany's military-industr1al-scientific complex prevailed, and a IŠ5 cm 
shell filled with xylyl bromide, a caustic tearJerker, was ready by late 1915. The Germans called 1t 
weisskreuz, or “white cross.” AgaIn leaving the French alone, Germany swung 1fs mobile øas umifs 
east, to shell the Russian army with eighteen thousand weisskreuze. [f anything, this attempt was more 
ofa debacle than the first. The temperature In Russia was so cold the xylyl bromide froze solid. 

Surveying the poor field results, Haber ditched bromine and redirected his efforts to 1ts chemnical 
cousin, chlorine. ChlorIne s1ts above bromine on the periodic table and 1s even nastier to breathe. It”s 
more agpressIve 1n attackIing other elements for one more electron, and because chlorine 1s smaller—— 
cach atom welghs less than half of a bromine atom——chlorine can attack the body”s cells mụch more 
mmmbly. Chlorine turns victims” skin yellow, øreen, and black, and glasses over their eyes with 
cataracts. They actually die of drowming, from the fluid buildup in thetr lungs. If bromnine gas 1S a 
phalanx of foot soldIers clashing with the mucous mermbranes, chlorine 1s a blitzkrleg tank rushing by 
the bodyˆs defenses to tear apart the sinuses and lungs. 

Because of Haber, the buffoonery of bromine warfare gave way to the ruthless chlorine phase 
history books memorialize today. Enemy soldiers soon had to fear the chlorine-based øruwkrewz, Or 
“øreen cross”; the b/a„krewuz, or “blue cross”; and the mghtmarish blIster agent øelbkreuz, or “yellow 
cross,” otherwIse known as mustard gas. Not content with sclentific contrIbutions, Haber directed 
with enthuslasm the first successful gas attack 1n history, which leff five thousand bewildered 
Frenchmen burned and scarred 1n a muddy trench near Ypres. In his spare time, Haber also coIned a 
ørotesque biological law, Haber”s Rule, to quantify the relatlonship between øas concertration, 
exposưre time, and death rate—which must have required a depressing amount of data to produce. 

Horrified by the gas proJects, Clara confronted Fritz early on and demanded he cease. As usual, 
Fritz listened to her not at all. In fact, althouph he wept, quite unironically, when colleagues died 
during an accident In the research branch of the Haber office, after he returned from Ypres he threw a 
dimner party to celebrate his new weapons. WOorse, Clara found out he”d come home Just for the mpht, 
a stopover on his way to direct more attacks on the eastern front. Husband and wife quarreled 
violently, and later that mght Clara walked Into the famly garden with Fritz's army pistol and shot 
herself1n the chest. Though no doubt upset, Fritz dịd not let this Inconvemience him. Without stayIng to 
make funeral arrangemerts, he left as planned the next morning. 

Despite having the Incomparable advantage of Haber, Germany ultimately lost the war to end all 
wars and was universally denounced as a scoundrel nation. The International reaction to Haber 
himself was more complicated. In 1919, before the dust (or gas) of World War I had settled, Haber 
won the vacant 1918 Nobel Prize 1n chemnistry (the Nobels were suspended during the war) for his 
process fo produce ammomia from mifrogen, even though his fertilizers hadn”t protected thousands of 
Germans from famine during the war. A year later, he was charged with being an International war 
criminal for prosecufIng a campaIgn of chemical warfare that had maimed hundreds of thousands of 
people and terrorized millions more——a contradictory, almost self-canceling legacy. 

Things øgot worse. Humiliated at the huge reparatlons Germany had to pay to the Allies, Haber 
spent six futile years trying to extract dissolved gold from the oceans, so that he could pay the 
reparations himself. Other proJects sputtered along Just as uselessly, and the only thing Haber gained 
attention for during those years (besides trying to sell himself as a gas warfare adviser to the SovIet 
Union) was an 1nsecticide. Haber had Invented Zvklon A before the war, and a German chemncal 


company tinkered with his formula affer the war to produce an efficient second generation of the gas. 
Eventually, a new regIime with a short memory took over Germany, and the Naz1s soon exiled Haber 
for his Jewish roots. He died In 1934 while traveling to England to seek refuge. Meanwhile, work on 
the Iinsecticide continued. And with years the Naz1s were gassing millions of Jews, 1ncluding 
relatIves of Haber, with that second-generation øas——Zwklon B. 


In addition to Haberˆs being a Jew, Germany excommunicated him because he had become passé. In 
parallel with 1ts gas warfare 1nvestmert, the German military had begun to exploit a different pocket 
of the perlodic table durinng World War L, and 1t eventually decided that bludgeoming enemy 
combatants with two metals, molybdenum and tungsten, made more sense than scalding them with 
chlorine and bromnine gas. Once again, then, warfare turned on simple, basic perIlodic table chemnstry. 
Tungsten would go on to become the “1t” metal of the Second World War, but In some ways 

molybdenums sfory 1s more Interesting. Almost no one knows 1t, but the most remote batfle of World 
War I took place not 1n Siberia or agalnst Lawrence of Arabia on the Sahara sands, but at a 
molybdenum mine 1n the Rocky Mountains of Colorado. 

Affter Ifs gas, Germany's most feared weapons during the war were 1s Big Berthas, a suite of 
superheavy slege guns that battered soldiers” psyches as brutally as they did the trenches of France 
and Belgium. The first Berthas, at forty-three tons, had to be transported 1n pleces by tractors fo a 
launchpad and took two hundred men six hours to assemble. The payoff was the ability to hurÍ a 16- 
inch, 2,200-pound shell mne miles 1n Just seconds. Still, a big flaw hobbled the Berthas. Lofting a 
one-fon mass took whole kegs of gunpowder, which produced massive amounfs of heat, which In turn 
scorched and warped the twenty-foot steel barrels. Affer a few days of hellish shooting, even 1f the 
Germans limited themselves to a few shots per hour, the gun 1tself was shot to hell. 

Never at a loss when providing weaporry for the fatherland, the famous Krupp armamenft company 
found a recIpe for strengthening steel: spiking 1t with molybdenum. Molybdenum (pronounced “mo- 
lib-di-nunï”) could withstand the excessive heat because 1t melts at 4,750°FE, thousands of deprees 
hofter than Iron, the main metal 1n steel. Molybdenum's atoms are larger than Iron”s, so they get 
excited more slowly, and they have 60 percent more electrons, so they absorb more heat and bind 
together more tightly. Plus, atoms 1n solids spontaneously and often dIsastrousÌy rearrange themselves 
when temperatures change (more on this 1n chaptfer 16), which often results 1n brittle metals that crack 
and fail. DopIng steel with molybdenum gums up the I1ron atoms, preventing them from sliding around. 
(The Germans were not the first ones to figure this out. A master sword maker 1n fourteenth-century 
Japan sprinkled molybdenum Into his steel and produced the 1sland”s most coveted samural swords, 
whose blades never dulled or cracked. But since this Japanese Vulcan died with his secret, 1t Was 
lost for five hundred years——proof that superlor technology does not always spread and offen goes 
extinct.) 

Back In the trenches, the Germans were soon blazing away at the French and British w1th a second 
øeneration of “moly steel” guns. But Germany soon faced another hupge Bertha setback——It had no 
supply of molybdenum and rIsked running out. In fact, the only known supplier was a bankrupt, nearly 
abandoned mine on Bartlett Mountain in Colorado. 

Before World War L, a local had laid claim to Bartlett upon discovering veins of ore that looked 


like lead or tin. Those metals would have been worth at least a few cenfs per pound, but the useless 
molybdenum he found cost more to mine than 1t fetched, so he sold his mining rights to one Otis King, 
a feIsty five-foot-five banker from Nebraska. Always enferprising, King adopted a new extraction 
techmique that no one had bothered to 1nvent before and quickly liberated fifty-eight hundred pounds 
of pure molybdenum—which more or less ruined him. Those nearly three tons exceeded the yearly 
world demand for molybdenum by 50 percent, which meant King hadn't Just flooded the market, he”d 
drowned 1t. Noting at least the novelty of King”s attempt, the U.S. øovernment mentioned 1t 1n a 
mineralogical bulletin in 1915. 

Few noticed the bulletin except for a behemoth International mining company based 1n Frankftrt, 
Germany, with a US. branch In New York According to one contemporary account, 
Metallgesellschaft had smelters, mines, refineries, and other “tentacles” all over the world. As soon 
as the company directors, who had close ties to Fritz Haber, read about King”s molybdenum, they 
mobilized and ordered thetr top man 1n Colorado, Max Schott, to se1ze Bartlett Mountain. 

Schott—a man described as having “eyes penetrating to the point of hypnosIs”——sent In claim 
Jumpers fo set up stakes and harass King In court, a maJor draIn on an already floundering mine. The 
more belligerent claim Jumpers threatened the wives and children of miners and destroyed theIr 
camps during a wInter 1n which the temperature dropped to twenty below. King hired a limping 
ouflaw named Two-Gun Adams for protection, but the German agenfs got to King anyway, mugging 
him with knives and pickaxes on a mounfaIn pass and hurling him offa sheer clif: Only a well-placed 
snowbank saved his neck. As the self-described “tomboy bride” of one miner put 1t 1n her memoIrs, 
the Germans did “everything short of downright slauphter to hinder the work of his company.” King”s 
ørItty workers took to calling the unpronounceable metal they risked thetr lives to dig up “Molly be 
damned.” 

King had a dim Idea what Molly did in Germany, but he was about the only non-German 1n Europe 
or North America who dịd. Not until the British captured German arms 1n I916 and reverse- 
engineered them by melting them down did the Allies discover the wwzdermefali, but the shenanipans 
1n the Rockies continued. The United States didn”t enter World War Iuntil 1917, so 1t had no specIal 
reason to monitor Metallgesellschaft's subsidlary in New York, especially considering 1fs pafrIotIc 
name, American Metal. It was American Metal that Max Schott°s “company” answered to, and when 
the government began askIng questions around 191§, American Metal claimed that 1t legally owned 
the mine, since the harried Otis King had sold 1t to Schott for a paltry $40,000. It also admitted that, 
um, 1t Just happened to ship all that molybdenum to Germany. The feds quickly fÍfoze 
Metallgesellschaft's U.S. stock and took control of Bartlett MountaIn. Sadly, those efforts came too 
late to disable Germany”s Big Berthas. As late as 1918, Germany used moly steel guns to shell Par1s 
from the astonishing distance of seventy-fIve miles. 

The only Justlce was that Schotfs company went bankrupt after the armistice, in March 1919, 
when molybdenum prices bottomed out. King returned to mining and became a millionatre by 
persuading Herry Ford to use moly steel 1n car engines. But Mollyˆs days in warfare were over. By 
the tme World War II rolled around, molybdenum had been superseded 1n steel production by the 
element below 1t on the periodic table, tungsten. 

Now 1f molybdenum 1s one of the harder elements to pronounce on the periodic table, tungsten has 
one ofthe most confounding chemical symbols, a big fat unaccountable W. It stands for woljƒfram, the 
German name for the metal, and that “wolf” correctly portended the dark role 1t would play In the 
war. NazI Germany coveted tungsten for making machinery and armor-pIercing missiles, and 1ts lust 
for wolfram surpassed even 1s lust for looted gold, which NazI officlals happlly bartered for 


tungsten. And who were the NazIsˆ trading partners?2 Not Italy and Japan, the other AxIs powers. Nor 
any of the countrles German troops overran, such as Poland or Belgium. It was supposedly neutral 
Portugal whose tungsten fed the wolfish appetite of the German &7z?egwerks. 

Portugal was a hard country to figure at the time. It lent the Allies a vital air base In the AZores, a 
øroup of1slands 1n the Atlantic Ocean, and as anyone whoˆs seen Casablanca knows, refugees longed 
to escape to Lisbon, from which they could safely fly to Britain or the Dnited States. However, the 
dictator of Portugal, Antomo Salazar, tolerated Naz1 sympathizers 1n hIis øovernment and provided a 
haven for AxIs sples. He also rather two-facedly shipped thousands of tons of tungsten to both sides 
during the war. Proving his worth as a former professor of economics, Salazar leveraged his 
country's near monopoly on the metal (90 percent of Europe”s supply) 1nto profits 1,000 percent 
øreater than peacetime levels. This mipht have been defensible had Portugal had long-standing trade 
relatons with Germany and been worried about falling Iinto wartime poverty. But Salazar began 
selling tungsten to Germany 1n appreclable quantittes only in 1941, apparently on the theory that his 
countryˆs neutral status allowed himto gouge both sides equally. 

The tungsten trade worked like this. Learmng 1ts lesson with molybdenum and recogmizing the 
strateglc Importance of tungsten, Germany had tried to stockpile tungsten before 1t began erasing 
boundarIes between 1tself and Poland and France. Tungsten 1s one of the hardest metals known, and 
adding 1t to steel made for excellent drill bits and saw heads. Plus, even modesf-sized missIles tIpped 
with tungsten—so-called kinetic energy penetrators—could take down tanks. The reason tungsten 
proved superlor to other steel additives can be read right off the periodic table. Tungsten, situated 
below molybdenum, has similar propertiles. But with even more electrons, 1t doesn't melt until 
6,200°E. Plus, as a heavier atom than molybdenum, tungsten provides even better anchors agaInst the 
1ron atoms" sÏlippIing around. Remember that the nmble chlorine worked well In gas attacks. Here, In 
a metal, tungstenˆs solidity and strength proved attractive. 

So affractive that the profligate NazI regIime spent 1s entire tungsten reserve by I941, at which 
poInt the fuhrer himself got Involved. Hitler ordered his mimisters to grab as mụuch tungsten as the 
trains across conquered France could carry. Distressinely, far from there being a black market for this 
grayish metal, the whole process was entirely transparent, as one historian noted. Tungsten was 
shipped from Portugal through fascIst SpaIn, another “neutral,” and mụch of the gold the NazIs had 
se1zed from Jews——Including the gold wrenched out of the teeth of gassed Jews—was laundered by 
banks 1n Lisbon and Switzerland, still another country that took no sides. (FIffy years on, a maJor 
Lisbon bank still maintained that officials had had no 1dea that the forty-four tons of gold they had 
receIved were dirty, despIte the swastikas stamped on many bars.) 

Even stalwart Britain couldnˆt be bothered about the tungsten that was helpIing to cut down 1fs 
lads. Prime Mimster Winston Churchill privately referred to Portugals tungsten trade as a 
“misdemeanor, ” and lest that remark be misconstrued, he added that Salazar was “quite righf” to trade 
tunøsten with Britainˆs avowed enemies. Once again, however, there was a dissenter. All this naked 
capItalism, which benefited soclalist Germany, caused apoplectic fits 1n the free-market Umited 
States. American officials simply couldnˆt grasp why Britain didn't order, or outripht bully, Portugal 
to drop 1fs profitable neutrality. Only afier prolonged Ư.S. pressure dịd Churchill agree to help 
strong-arm the strongman Salazar. 

Until then, Salazar (If we lay aside morality for a momernf) had played the Axis and Allies 
brilliantly with vague promnses, secret pacfs, and stalling tactics that kept the tungsften trains chugøing. 
He had I1ncreased the price ofhis country”s one commodity from $1,100 per ton in 1940 to $20,000 in 
1941, and he*d banked $170 mnllion in three frenzied years of speculation. Only affer running out of 


excuses did Salazar 1nstitute a full tungsten embargo against the Naz1s on June 7, 1944—the day after 
D-Day, by which point the Allied commanders were too preoccupIed (and disgusted) to punish him. Ï 
believe 1t was Rhett Butler in Gone with the Wïnd who satd that fortunes can be made only during the 
building up or tearing down of an emprre, and Salazar certainly subscribed to that theory. In the so- 
called wolfram war, the Portuguese dictator had the last lycanthropIc lauph. 


Tungsten and molybdenum were only the first hints of a veritable metals revolution that would take 
place later In the twentieth century. Three of every four elements are metals, but beyond 1ron, 
aluminium, and a few others, most did nothing but plug holes 1n the periodic table before World War 
IL (Indeed, this book could not have been wriften forty years ago—there wouldnˆt have been enouph 
to say.) But since about 1950, every metal has found a niche. Gadolimum 1s perfect for magnetic 
resonance 1maging (MRI). Neodymium makes unprecedentedly powerful lasers. Scandrum, now used 
as a tunøstenlike additive 1n alumimum baseball bats and bike frames, helped the SovIet Union make 
lightweipht helicopters In the 1980s and purportedly even topped Soviet ICBM missiles stored 
underground 1n the Arctic, to help the nukes punch through sheets of 1ce. 

Alas, for all the technological advances made during the metals revolution, some elemenfs 
continued to abet wars—and not 1n the remote past, but 1n the past decade. FIttinely, two of these 
elements were named after two Greek mythological characters known for great sufering. Niobe 
earned the I1re of the gods by bragging about her seven lovely daughters and seven handsome sons—— 
whom the easily offended Olymplans soon slaughtered for her Impertinence. Tantalus, Niobe”s father, 
killed his own son and served him at a royal banquet. As punishment, Tantalus had to stand for all 
etermfy up to his neck 1n a river, with a branch loaded with apples dangling above his nose. 
Whenever be tried to eat or drink, however, the fruit would be blown away beyond hIs ørasp or the 
water would recede. Still, while elusiveness and loss tortured Tantalus and Niobe, 1t 1s actually a 
surfeIt of their namesake elements that has decimated central Africa. 

There”s a good chance you have tantalum or mob1um 1n your pocket right now. Like theIr periodic 
table neiphbors, both are dense, heat-resistanf, noncorrosive metals that hold a charge well——qualities 
that make them vital for compact cell phones. In the mid-I990s cell phone designers started 
demanding both metals, especlally tantalum, from the world's largest supplier, the Democratic 
Republic of Congo, then called ZaIre. Congo sifs next to Rwanda 1n central Africa, and most of us 
probably remember the Rwandan butchery of the 1990s. But none ofus likely remembers the day 1n 
1996 when the ousted Rwandan governmernt of ethnc Hutus spilled 1nto Congo seekIng refuge. At the 
time 1t seemed Just to extend the Rwandan confiict a few miles west, but In refrospect 1t was a brush 
fire blown right Into a decade of accumulated racial kindling. Eventually, nine countries and two 
hundred ethmc tribes, each with 1ts own ancIent alliances and unsetfled øgrudges, were warring 1n the 
dense Jungles. 

Nonetheless, If only maJor armies had been Involved, the Congo conflict likely would have 
petered out. Larger than Alaska and dense as BrazIl, Congo 1s even less accessible than eIther by 
roads, meaning 1t”s not Ideal for waging a protracted war. Plus, poor villagers can't afford to go off 
and fipht unless there”s money at stake. Enter tantalum, mobium, and cellular technology. Now, Ï don't 
mean to impute direct blame. Clearly, cell phones didnˆt cause the war——hatred and grudges did. But 
Just as clearly, the 1nfusion of cash perpetuated the brawl. Congo has 60 percent ofthe world”s supply 
Of the two metals, which blend together 1n the ground 1n a mineral called coltan. Once cell phones 
caupht on—sales rose from virtually zero 1n 1991 to more than a billion by 2001——the West's hunger 


proved as strong as Tantaluss, and coltan's price prew tenfold. People purchasing ore for celÏ phone 
makers didn't ask and didnˆt care where the coltan came from, and Congolese miners had no Idea 
what the mineral was used for, knowing only that white people paid for 1t and that they could use the 
profifs to support theIr favorIte miÌItias. 

Oddly, tantalum and mobium proved so noxIous because coltan was so democratic. Unlike the 
days when crooked Belglans ran Congo's diamond and gold mines, no conglomerates controlled 
coltan, and no backhoes and dump trucks were necessary to mine 1t. Any commoner with a shovel and 
a good back could dig up whole pounds of the stuff in creek beds (it looks like thick mud). In Just 
hours, a farmer could earn twenty tmes what his neIphbor did all year, and as profits swelled, men 
abandoned their farms for prospecting. This upset Congoˆs already shaky food supply, and people 
began hunting gor1llas for meat, virtually wIpIing them out, as 1fthey were so many buffalo. But gorilla 
deaths were nothing compared to the human atrocIties. Its not a good thing when money pOurs 1nfo a 
country with no governmert. A brutal form of capitalism took over 1n which all things, 1ncluding 
lives, were for sale. Huge fenced-In “camps” with enslaved prostitutes sprang up, and Iinnumerable 
bounties were put out for blood killings. Gruesome sftorles have circulated about proud vIcfors 
humiliating theIr victims” bodies by draping themselves with entraIls and dancing 1n celebration. 

The fires burned hottest in Congo between 1998 and 2001, at which point cell phone makers 
realized they were funding anarchy. To their credit, they began to buy tantalum and miobIium from 
Australia, even thouegh 1t cost more, and Congo cooled down a bịt. Nevertheless, despite an official 
truce ending the war 1n 2003, things never really calmed down 1n the eastern half of the country, near 
Rwanda. And lately another elemernt, tin, has begun to fund the fiphting. In 2006, the European Unon 
ouflawed lead solder 1n consumer goods, and most manufacturers have replaced 1t with tin—a metal 
Congo also happens to have 1n huge supply. Joseph Conrad once called Congo “the vilest scramble 
for loot that ever disfigured the history of human conscIence,” and thereˆs little reason to revise that 
notIon today. 

Overall, more than five million people have died 1n Congo since the mid-I990s, making 1t the 
bIggest waste of life since World War II. The fighting there 1s proof that In addition to all the uplifting 
moments the perlodic table has Inspired, 1t can also play on humankind”s worst, most Iinhuman 
1nsfincfs. 


CormrplefIng the Table... with a Bang 





A supernova sowed our solar system with every natural element, and the churning of young molten 
planets made sure those elements were well blended In the rocky soil. But those processes alone 
camnot telÏ us everything about the distrIbutlon of elements on earth. Since the supernova, whole 
specIes of elemenfs have gone extinct because thetr nuclel, their cores, were too fragile †o survIve 1n 
nature. This 1nstability shocked scIentists and left unaccountable holes In the periodic table—holes 
that, unlike in Mendeleev”s time, scIentisfs Just couldn't fill, no matter how hard they searched. They 
eventually did flI in the table, but only after developing new fields that let them create elemenfts on 
theIr own, and only after realizing that the fragility of some elements conceals a bripht, shiny danger. 
The making of atoms and the breaking of atoms proved more Intimately bound than anyone dared 
expect. 

The roofs of this story go back to the University of Manchester 1n England Just before World War 
I. Manchester had assembled some brilliant sclentists, Including lab director Ernest Rutherford. 
Perhaps the most promising student was Henry Moseley. The son of a naturalist admired by Charles 
Darwin, Moseley was drawn 1nsfead to the physical sclences. He treated his lab work like a deathbed 
vIg1l, stayIng for fifteen-hour stretches, as 1f heˆd never have time to fimish all he wanted to do, and he 
subsIsted on mere fruit salad and cheese. Like many gifted people, Moseley was also a pIll, stiff and 
stuffy, and he expressed open disgust at the “scented dirtiness”” of foreigners at Manchester. 

But young Moseley”s talent excused a lot. Although Rutherford obJected to the work as a waste of 
time, Moseley ørew enthusiastic about studying elements by blasting them with electron beams. He 
enlisted Darwin”s grandson, a physIcIsf, as a partner and 1n 1913 began to systematically probe every 
discovered element up to gold. As we know today, when a beam of electrons strikes an atom, the 
beam punches out the atom's own electrons, leaving a hole. Electrons are attracted to an atom's 
nucleus because electrons and protons have opposite charges, and tearing electrons away from the 
nucleus 1s a violent deed. SInce nature abhors a vacuum, other electrons rush In to fill the gap, and the 
crashing about causes them to release high-energy X-rays. ExcItinply, Moseley found a mathematical 
relation between the waveleneth of the X-rays, the number of protons an element has 1n 1ts nucleus, 
and the element”s atomic number (1s spot on the periodic table). 

Since Mendeleev had published his famous table 1n 1869, 1t had undergone a number of changes. 
Mendeleev had set his first table sideways, until someone showed him the sense 1n rofating 1t ninefy 
degrees. Chemisfs continued to tinker with the table, adding colunms and reshuffling elemenfs, over 
the next forty years. Meanwhile, anomalies had begun to peck at people”s confidence that they really 
understood the table. Most of the elements line up on the table 1n a catfle call of Increasing weIgli. 
According to that criterion, nickel should precede cobalt. Yet to make the elemenfs fit properly——so 
cobalt sat above cobalt-like elements and mickel above mickel-like elements——chemnsts had to swItch 
theIr spots. No one knew why this was necessary, and 1t was Just one of several annoyIng cases. To 
get around this problem, sclentists Invented the atomic number as a placeholder, which Just 
underscored that no one knew what the atomic number actually meart. 


Moseley, Just twenty-five, solved the riddle by translating the question from chemistry to physIcs. 
The crucial thing to real1ze 1s that few scIentists believed 1n the atomic nucleus at the time. Rutherford 
had put forward the 1dea ofa compact, highly positIve nucleus Just two years earlier, and 1t remained 
unproven 1n 1913, too tentatlve for sclentists to accept. Moseleys work provided the first 
confirmation. As Niels Bohr, another Rutherford protégé, recalled, “W© camnot understand 1t today, 
but [the Rutherford work] was not taken serIously.... The øreat change came from Moseley.” That”s 
because Moseley linked an element”s place on the table to a physical characteristic, equating the 
positIve nuclear charge with the atomic number. And he did so with an experImert that anyone could 
repeat. This proved the ordering of elements was not arbitrary but arose from a proper understanding 
Of atomic anatomy. Screwy cases such as cobalt and mckel suddenly made sense, since the lighter 
nickel had more protons and therefore a hipher positive charge and therefore had to come after cobalt. 
If Mendeleev and others discovered the Rubik”s Cube of the elements, Moseley solved 1t, and after 
Moseley there was no more need to fudge explanations. 

Furthermore, like the spectroscope, Moseley”s electron gun helped tidy up the table by sorting 
through a confusing array of radioacftive specles and disproving spurIous clalms for new elemenfs. 
Moseley also fingered Just four remaining holes 1n the table—elemenfs forty-three, sixfty-one, sevenfy- 
two, and sevenfty-five. (The elements heavier than gold were too dear to obtain proper samples to 
experIment on In [913. Had Moseley been able to, he would have found gaps at eighty-five, eIphty- 
seven, and ninety-one, foo.) 

nfortunately, chemists and physicIsts mistrusted each other 1n this era, and some prominent 
chemists doubted that Moseley had come up with anything as grand as he claimed. Georges Urbain of 
France challenged the young Turk by bringing him an Ytterby-like blend of ambIguous rare earth 
elemernts. Urbain had labored twenty years learning rare earth chemistry, and 1t had taken him months 
of tedIum to 1dentify the four elemenfs In his sample, so he expected to stymie 1f not embarrass 
Moseley. After thetr Imtial meeting, Moseley returned to Urbain within an hour with a full and correct 
list.* The rare earths that had so frustrated Mendeleev were now trivial to sorf out. 

But they were sorted out by people other than Moseley. Althouph he pioneered nuclear scIence, as 
with Prometheus, the gods pumished this young man whose work 1lluminated the darkness for later 
generations. When World War I broke out, Moseley enlisted In the king”s army (agaInst the army”s 
advice) and saw action 1n the doomed Gallipoli campaIgn of 1915. One day the Turkish army rushed 
the British lines In phalanxes eIpht deep, and the battle devolved Into a street fipht with knives, 
stones, and teeth. Somewhere In that savage scrum, Moseley, aøge twenty-seven, fell. The futility of 
that war 1s best known through the English poets who also đied on the battlefield. But one colleague 
spIt that losing Henry Moseley by 1†self ensured that the war to end alÏ wars would go down as “one 
Of the most hideous and most 1rreparable crimes 1n history. ”% 

The best tribute sclentists could pay to Moseley was to hunt down all the missing elements heˆd 
poInted out. Indeed, Moseley so 1nspired element hunters, who suddenly had a clear Idea of what to 
search for, that element safaris became almost too popular. Scuffles soon arose over who”d first 
bagged hafmium, protactimum, and technetium. Other research øroups filled 1n the gaps at elements 
eIphty-five and eighty-seven 1n the late 1930s by creating elements 1n the lab. By 1940, only one 
natural element, one pr1ze, remained undIscovered——elemenf sIxfy-one. 

Oddly, thouph, only a few research teams around the world were bothering to look for 1t. One 
team, led by an Italian physicIst named Emilio Segrè, tried to create an artificial sample and probably 
succeeded 1n 1942, but they gave up affer a few attempts to 1solate 1t. lt wasnˆt until seven years later 
that three sclentIsts from Oak Ridge National Laboratory In Tennessee rose at a scIentific meeting In 


Philadelphia and amnounced that after sifting through some spent uramum ore, they had discovered 
element sixty-one. After a few hundred years of chemistry, the last hole 1n the periodic table had been 
filled. 

But the announcemert didn't rally mụch excItemernt. The trio announced theyˆd discovered element 
sIxfty-one two years before and had sat on the results because they were foo preoccupied with theIr 
work on uraniun—therr real work. The press gave the finding correspondinply tepid coverage. In the 
New Work Times, the mmssing link shared a crowded headline with a dubious mining technique that 
promnised a hundred uninterrupted years of o1l. 77zz¿ buried the news 1n 1fs conference wrap-up and 
pooh-poohed the element as “not good for much.”* Then the scIenfists announced that they planned to 
name 1t promethium. Elemenfs discovered earlier 1n the century had been given boasfful or at least 
explanatory names, but promethium—after the Titan In Greek mythology who sfole fire, gave 1† tfo 
humankInd, and was tortured by havIng a vulture dine on his liver—evoked something stern and grim, 
even guIlty. 

So what happened between Moseley”s time and the discovery of element sixty-one? Why had 
hunting for elements gone from work so 1mportant that a colleague had called Moseley's death an 
1rreparable crime to work worth barely a few lines of newsprint? Sure, promethium was useless, but 
sclentists, of alÏ people, cheer Impractical discoverIes, and the completion of the perliodic table was 
epochal, the culmination of millions of man-hours. Nor had people simply gotten fatgued with 
seekIing new elements—that pursuit caused sparring between American and SovIet scIenfists through 
much of the cold war. Instead, the nature and enormity of nuclear sclence had changed. People had 
seen things, and a mmd-range element like promethrum could no longer rouse them like the heavy 
elemenfs plutonrum and uramum, not to mention their famous offspring, the atomic bomb. 


One mornming In 1939, a young physIcIst at the Umiversity of Califorma at Berkeley settled Into a 
pneumatic barber ˆs chaIr In the student umon for a haircut. Who knows the topIc of conversation that 
day—maybe that son ofa bitch Hitler or whether the Yankees would win thetr fourth straight World 
Series. Regardless, Luis Alvarez (not yet famous for his dinosaur extinction theory) was chatting and 
leafing through the San rancisco Chronicle when he ran across a wlre service Item about 
experImerfs by Otto Hahn In Germany, on fission—the splifting of the uranum atom. Alvarez halted 
his barber “mid-smp,” as a friend recalled, tore off his smock, and sprinted up the road to his 
laboratory, where he scooped up a Geiger counter and made a beeline for some 1rradiated uranrum. 
HiIs harr still only half-cut, he summoned everyone within shouting distance to come see what Hahn 
had discovered. 

Beyond being amusing, Alvarezs dash symbolizes the state of nuclear sclence at the time. 
ScIentists had been making steady I1f slow progress 1n understanding how the cores of atoms work, 
litle smppets of knowledge here and there——and then, with one discovery, they found themselves on a 
mad tear. 

Moseley had gIiven atomic and nuclear sclence legifImate footing, and loads of talent had poured 
1nto those fields 1n the 1920s. Nevertheless, gains had proved more difficult than expected. Part ofthe 
confusion was, 1ndirectly, Moseleyˆs fault. His work had proved that 1sotopes such as lead-204 and 
lead-206 could have the same net positIve charge yet have different atomic weIphfts. In a world that 
knew only about protons and electrons, this leff sclentists floundering with unwleldy 1deas about 
positive protons 1n the nucleus that gobbled up negative electrons Pac-Man style.* In addition, to 
comprehend how subatomic particles behave, sclentists had to devise a whole new mathematical 


tool, quantum mechamics, and 1t took years to figure out how to apply 1t to even simple, 1solated 
hydrogen atoms. 

Meanwhile, sclentists were also developing the related field of radioactivity, the study of how 
nucle1 fall apart. Any old atom can shed or steal electrons, but luminarles such as Marle Curie and 
Ernest Rutherford realized that some rare elemenfs could alter their nuclel, too, by blowIng offatomic 
shrapnel. Rutherford especially helped classify all the shrapnel Into Just a few common types, which 
he named using the Greek alphabet, calling them alpha, beta, or gamma decay. Gamma decay 1s the 
simplest and deadliest——1t occurs when the nucleus emits concentrated X-rays and 1s today the stuff of 
nuclear mehtmares. The other types of radIoactivIty 1nvolve the conversion ofone elemert to another, 
a tantalizing process 1n the 1920s. But each element goes radIoactive 1n a characterIstIc way, so the 
deep, underlyIng features of alpha and beta decay baffled scIenfists, who were ørowIng 1ncreasinegly 
frustrated about the nature of1sotopes as well. The Pac-Man model was failing, and a few daredevIils 
sugøesfed that the only way to deal with the proliferation of new 1sotopes was to scrap the perlodIc 
table. 

The giant collective forehead slap—the “Of course†"* moment—took place In 1932, when James 
Chadwick, yet another of Rutherford”s students, discovered the neutral neutron, which adds weight 
without charge. Coupled with Moseleyˆs Insights about the atomic number, atoms (at least lone, 
1solated atoms) suddenly made sense. The neutron meant that lead-204 and lead-206 could still both 
be lead—could still have the same positIve nuclear charge and sit In the same box on the perlodIc 
table—even 1f they had different atomic weiphts. The nature of radioactivify suddenly made sense, 
too. Beta decay was understood as the conversion of neufrons to profons or vice versa—and 1t”s 
because the proton number changes that beta decay converfs an atom 1nto a different element. Alpha 
decay also converts elemenfs and 1s the most dramatic change on a nuclear level——two neutrons and 
fwo protons are shorn away. 

Over the next few years, the neutron became more than a theoretical tool. For one thing, 1t 
supplied a fantastic way to probe atomnc 1mnards, because sclenfists could shoot a neutron at atoms 
without 1t being electrically repulsed, as charged proJectiles were. Neutrons also helped scIentists 
induce a new type ofradioactivity. Elements, espec1ally lighter elements, try to maIntain a rouph one- 
to-one ratIlo of neutrons to protons. If an atom has too many neutrons, 1t splits 1tself, releasing energy 
and excess neutrons 1n the process. If nearby atoms absorb those neutrons, they become unstable and 
SpIf out more neutrons, a cascade known as a chaIn reaction. A physicIst named Leo Sz1lard dreamed 
up the Idea of a nuclear chaIn reaction circa 1933 while standing at a London stoplight one morming. 
He patented 1t in 1934 and tried (but failed) to produce a chaIn reaction 1n a few lipht elemenfs as 
early as 1936. 

But notice the dates here. Just as the basic understanding of electrons, protons, and neutrons fell 
Iinto place, the old-world political order was disinteprating. By the time Alvarez read about uranium 
fission 1n his barberˆs smock, Europe was doomed. 

The genteel old world of element hunting died at the same time. With their new model of atomic 
innards, sclentists began to see that the few undiscovered elements on the periodic table were 
undiscovered because they were 1ntrinsically unstable. Even 1f they had existed 1n abundance on the 
early earth, they had long since disintegrated. This convemiently explained the holes 1n the perlodic 
table, but the work proved 1fs own undoing. Probing unstable elements soon led sclenfists to stumble 
onfo nuclear fission and neutron chaIn reactions. And as soon as they understood that atoms could be 
split—understood both the scientific and political 1implications of that factcollecting new elements 
for display seemed like an amateur”s hobby, like the fusty, shoot-and-stuff biology of the 1I§00s 


compared with molecular biology today. Which 1s why, with a world war and the possIbility of 
atomic bombs staring at them In 1939, no sclIentists bothered tracking promethium down until a 
decade later. 

No matter how keyed up sclentists got about the possIbility of fission bombs, however, a lot of 
work stilÏ separated the theory from the reality. Is hard to remember today, but nuclear bombs were 
considered a long shot at best, especIally by military experts. As usual, those military leaders were 
eager fo enlist sclentists in World War II, and the sclentists dutifuilly exacerbated the war”s 
øruesomeness throuph technology such as better steel. But the war would not have ended with two 
mushroom clouds had the U.S. øovernmernt, Instead of Just demanding bIgger, Íaster Weapons 79w, 
summoned the political wIll to 1nvest billions 1n a hitherto pure and 1mpractical field: subatomc 
scIence. And even then, figuring out how to divide atoms 1n a controlled mamner proved so far beyond 
the sclence of the day that the Manhattan ProJect had to adopt a whole new research strategy to 
succeed—the Monte Carlo method, which rewired people”s conceptions of what “doIng sclence” 
meattt. 

As nofed, quantum mechamics worked fine for 1solated atoms, and by 1940 sclentists knew that 
absorbing a neutron made an atom queasy, which made 1t explode and possibly release more 
neutrons. Following the path of one øIven neutron was easy, no harder than following a caroming 
b¡lliard ball. But starting a chain reaction required coordinating billions ofbillions of neutrons, all of 
them traveling at different speeds In every direction. This made hash of sclentists” built-for-one 
theoretical apparatus. At the same time, uranium and pÏutonum were expensive and dangerous, so 
detailed experimental work was out of the question. 

Yet Manhattan ProJect scIentists had orders to figure out exactly how much pÏutonum and uranium 
they needed to create a bomb: too little and the bomb would fizzle out. Too mụuch and the bomb would 
blow up Just fine, but at the cost of prolonging the war by months, since both elements were 
monstrously complicated to pur1fy (or 1n plutonium's case, synthes1ze, then pur1fy). So, Just to get by, 
some pragmatic scIenfisís decided to abandon both traditional approaches, theory and experImernt, 
and pioneer a third path. 

To start, they pIicked a random speed for a neutron bouncIng around 1n a pile of pÏlutomum (or 
uramrum). They also picked a random đirection for 1t and more random numbers for other parameters, 
such as the amount of plutomum available, the chance the neutron would escape the plutomrum before 
being absorbed, even the geometry and shape of the plutomum pile. Note that selecting specIfic 
numbers meart that sclentists were conceding the universality of each calculation, since the results 
applied to only a few neufrons In one of many designs. Theoretical sclentists ?4/€ g1ving up 
universally applicable results, but they had no other choIce. 

At this point, rooms full of young women with pencIls (many of them sclentistsˆ wIives, whoˆd 
been hired to help out because they were crushingly bored 1n Los Alamos) would get a sheet with the 
random numbers and begin to calculate (sometimes without knowing what 1t all meant) how the 
neutron collided with a plutonrum atom; whether 1t was gobbled up; how many new neutrons 1 any 
were released 1n the process; how many neutrons those 1n turn released; and so on. Each of the 
hundreds of women did one narrow calculation In an assembly line, and sclentIsts ageregated the 
results. Historian George Dyson descrIbed this process as building bombs “øwmericaliy, neutron by 
neutron, nanosecond by nanosecond... [a method] of statistical approximation whereby a random 
sampling of events... 1s followed through a serles of representative sÏices In time, answering the 
otherw1se 1ncalculable question of whether a configuration would go thermonuclear.”* 

Sometimes the theoretical pile did go nuclear, and this was counted as a success. When each 


calculation was finished, the women would start over with different numbers. Then do 1t again. And 
again. And yet again. Rosie the Riveter may have become the Icomic symbol of empowered female 
employment during the war, but the Manhattan ProJect would have gone nowhere without these 
women hand-crunching long tables of data. They became known by the neologIsm “computers. ˆ 

But why was this approach so different? Basically, sclentists equated each computation with an 
experimert and collected only virtual data for the pÏutomum and uranium bombs. They abandoned the 
meticulous and mutually corrective Interplay of theory and lab work and adopted methods one 
historian described unffatterinely as “dislocated... a simulated reality that borrowed from both 
experimental and theoretical domains, fused these borrowings together, and used the resulting 
amalgam to stake out a netherland at once nowhere and everywhere on the usual methodological 
map. "* 

Of course, such calculations were only as øood as sclentistsˆ 1mtial equations, but here they got 
lucky. Particles on the quantum level are governed by statistical laws, and quantum mechanics, for all 
1ts b1zarre, counferIntuitive features, 1s the sinple most accurate scIentific theory ever devised. Plus, 
the sheer number of calculations scIentists pushed throuph during the Manhattan ProJect gave them 
øreat confidence—confidence that was proved Justified after the successful Trimty test in New 
Mexico 1n mid-1945. The swift and flawless detonation of a uranium bomb over Hiroshima and a 
plutomum bomb over Nagasakl a fÍew weeks later also testfied to the accuracy of this 
unconventional, calculation-based approach to scIence. 

After the Isolated camaraderie of the Manhattan ProJect ended, sclentists scaftered back to thetr 
homes to reflect on what they”d done (some proudly, some not). Many gladly forgot about the1r time 
served In the calculaton wards. Some, though, were riveted by what theyˆd learned, including one 
Stamslaw Ulam. Ulam, a Polish refupgee whoˆd passed hours in New Mexico playing card games, 
was playIing solitare one day In 1946 when he began wondering about the odds of wImning any 
randomly dealt hand. The one thing Ulam loved more than cards was futile calculation, so he began 
filling pages with probabilistic equations. The problem soon ballooned to such complexIty that Ulam 
smartly gave up. He decided 1t was better to play a hundred hands and tabulate what percentaøe of the 
time he won. Easy enouph. 

The neurons of most people, even most scIentists, wouldnt have made the connection, but 1n the 
middle of his century of solitatre, Ulam recogmized that he was using the same basic approach as 
scIenfists had used In the bomb-building “experimenfs” 1n Los Alamos. (The connections are abstract, 
but the order and layout of the cards were like the random 1nputs, and the “calculatlon” was pÏayIng 
the hand.) DIiscussions soon followed with his calculation-loving friend John von Neumamn, another 
European refugee and Manhattan ProJect veteran. Ulam and von Neumamn realized Just how powerful 
the method might be 1f they could universalize 1t and apply 1t to other situations with multitudes of 
random varIables. In those situations, Instead of trying to take Into account every complication, eVvery 
butterfly flappIng 1ts wings, they would simply define the problem, pIck random 1nputs, and “plug and 
chug.” Unlike an experimert, the results were not certain. But with enouph calculations, they could be 
pretfy darn sure of the probabilitIes. 

In a serendipifous coincidence, Ulam and von Neumamn knew the AmerIcan engineers developIng 
the first electromc computers, such as the ENLAC In Philadelphia. The Manhattan Project 
“computers” had eventually employed a mechamical punch card system for calculations, but the 
tireless ENLAC showed more promise for the tedious 1terations Ulam and von Neumamn envIsioned. 
HiIstorically, the scIence of probability has 1ts roofs 1n arIstocratic casinos, and 1t's unclear where the 
mickname for Ulam and von Neumann”s approach came from. But Ulam liked to brag that he named 1t 


1n memory ofan uncle who offten borrowed money to gamble on the “well-known generator ofrandom 
I1ntegers (between zero and thirty-six) 1n the Mediterranean princIpality.” 

Regardless, Monte Carlo scIence caupht on quickly. It cụt down on expensive experimenfs, and the 
need for high-quality Monte Carlo simulators drove the early development of compufers, pushing 
them to become faster and more efficient. Symbiotically, the advent of cheap computing meant that 
Monte Carlo-style experiments, simulations, and models began to take over branches of chemnstry, 
astronomy, and physics, not to mention engineering and stock market analysis. Today, Just two 
øenerations on, the Monte Carlo method (In varIous forms) so dominates some fields that many young 
sclentists don”t realize how thorouphly theyˆve departed from traditional theoretical or experimerntal 
sclence. Overall, an expedient, a temporary measure—using plutomum and uranium atoms like an 
abacus to compute nuclear chaIn reactlons—has become an Irreplaceable feature of the sclentific 
process. lt not only conquered sclence; 1t setfled down, assimilated, and Intermarried with other 
methods. 

In 1949, however, that transformation lay 1n the future. In those early days, Ulams Monte Carlo 
method mostly pushed throuph the next generation of nuclear weapons. Von Neumamn, Ulam, and theIr 
1lk would show up at the gynmasium-s1zed rooms where compufers were set up and mysfterIousÌly ask 
1ƒ they could run a few programs, sfarting at 12:00 a.m. and running throuph the mpht. The weapons 
they developed during those dead hours were the “supers,” multistaee devices a thousand tImes more 
powerful than standard A-bombs. Supers used plutonum and uramum to 1gmte stellar-style fusion 1n 
extraheavy liquid hydrogen, a complicated process that never would have moved beyond secret 
mmÏitary reports and 1nto missile silos w1thout digital compufation. As historian George Dyson neatly 
summar1zed the technological history of that decade, “Computers led to bombs, and bombs led to 
computers. ` 


After a great strugele to find the proper desIgn for a super, sclentists hit upon a dandy 1n 1952. The 
obliteration ofthe Emrwetok atoll 1n the Pacific Ocean during a test of a super that year showed once 
again the ruthless brilliance of the Monte Carlo method. Nevertheless, bomb sclentists already had 
something even worse than the supers 1n the pIpeline. 

Atomic bombs can get you fwo ways. A madman who Just wanfs lots of people dead and lots of 
buildings flattened can stick with a conventional, one-staøe fIssion bommb. It”s easier to build, and the 
big flash-bang should satisfy his need for spectacle, as should aftereffects such as spontaneous 
tornadoes and the silhouettes of victims seared onto brick walls. But 1f the madman has patlence and 
wants to do something 1nsidIous, 1ƒ he wants fo p1ss 1n every well and sow the ground with salt, he”lI 
detonate a cobalt-60 dirty bomb. 

Whereas conventional nuclear bombs kill with heat, dirty bombs kill with gamma radiatlon— 
malignant X-rays. Gamma rays result from frantic radioactive events, and 1n addition to burning 
people frightfully, they dig down 1nto bone marrow and scramble the chromosomes 1n white blood 
cells. The cells either die outripht, ørow cancerous, or ørow wIthout constraint and, like humans with 
øIpantism, end up deformed and unable to fight infections. All nuclear bombs release some radiation, 
but with dirty bombs, radIation 1s the whole poIrt. 

Even endemic leukemia 1snt ambitious by some bombs” standards. Another European refugee 
who worked on the Manhattan ProJect, Leo Sz1lard—the physicIst who, to his repret, Invented the 
Idea of a self-susfaining nuclear chaIn reaction around 1933——calculated 1n 1950 as a wlIser, more 
sober man that sprinkling a tenth ofan ounce ofcobalt-60 on every square mile of earth would pollute 


1t wIth enough gamma rays to wIpe out the human race, a nuclear version ofthe cloud that helped kil 
the dinosaurs. His device consisted ofa multistaøe warhead surrounded by a Jacket of cobalt-59. A 
fission reaction 1n plutonmum would kick off a fusion reaction In hydrogen, and once the reaction 
started, obviously, the cobalt Jacket and everything else would be obliterated. But not before 
something happened on the atomic level. Down there, the cobalt atoms would absorb neutrons from 
the fission and fusion, a step called salting. The salting would convert stable cobalt-59 Into unsteady 
cobalt-60, which would then foat down like ash. 

Lots of other elements emit gamma rays, but there”s something special about cobalt. Regular A- 
bombs can be waited out 1n underground shelters, since their fallout will vomit up gamma rays 
Immediately and be rendered harmless. Hiroshima and Nagasaki were more or less habitable within 
days ofthe 1945 explosions. Other elements absorb extra neutrons like alcoholics do another shot at 
the bar——they”lÏ get sick someday but not for eons. In that case, after the 1mtial blast, radiation levels 
would never climb too hiph. 

Cobalt bombs fall devilishly between those extremes, a rare case 1n which the golden mean 1s the 
worst. Cobalt-60 atoms would settle 1nto the pround like tiny land mines. Enough would go off ripht 
away to make 1t necessary to flee, but after five years fully half of the cobalt would still be armed. 
That steady pulse of gamma shrapnel would mean that cobalt bombs could neither be waited out nor 
endured. It would take a whole human lifetime for the land to recover. This actually makes cobalt 
bombs unlikely weapons for war, because the conquering army couldnt occupy the territory. But a 
scorched-earth madman wouldnˆt have such qualms. 

In his defense, Szilard hoped his cobalt bomb——the first “doomsday device——would never be 
built, and no country (as far as the public knows) ever tried. In fact, Šz1lard conjured up the 1dea to 
show the 1nsamty of nuclear war, and people đdịd se1ze on 1t. In Đr: S?rangclove, for exanmple, the 
Soviet enemies have cobalt bombs. Before Szilard, nuclear weapons were horrifyIng but not 
necessar1ly apocalyptic. After his modest proposal, Szilard hoped that people would know better and 
øIve up nukes. Hardly. Soon after the haunting name “promethium” became official, the Soviet Umion 
acquired the bomb, too. The U.S. and Soviet øgovernments soon accepted the less-than-reassuring but 
aptly named doctrine of MAD, or mutual assured destruction—the 1dea that, outcomes aside, both 
sides would lose 1n any nuclear war. However I1diotic as an ethos, MAD did deter people from 
deployIng nukes as tactical weapons. Instead, International tensions hardened Into the cold war—a 
struggle that so 1nfiltrated our socIety that not even the prIstine periodic tabÌle escaped 1ts staIn. 


Extending the Table, Expanding the Cold War 





In 1950, a curious notice turned up 1n the New Yorkerˆ”s goss1py ““Talk of the Town” section: Š 


New atoms are turmng up with spectacular, 1f not dowrright alarming frequency nowadays, and 
the University of Califorma at Berkeley, whose scIentists have discovered elements 97 and 98, 
has christened them berkelium and califormum respectively.... These names strlke us as 
indicating a surprising lack of public-relations foresipht.... Califormaˆs busy sclentists wIll 
undoubtedly come up with another atom or two one ofthese days, and the university... has lost 
forever the chance of immortalizing 1fself in the atomnc tables with some such sequence as 
univers1tium (97), offum (98), californrum (99), berkelium (100). 


Not to be outwitted, sclentists at Berkeley, led by Glemn Seaborg and Albert Ghiorso, replied that 
their nomenclature was actually preemptive øgemus, designed to sidestep “the appalling possIbility 
that afler naming 97 and 98 “universittum' and “ofium,ˆ some New Yorker might follow with the 
điscovery of99 and T00 and apply the names “new1um' and “yorkium." ” 

The New Jorker staff answered, “W© are already at work 1n our office laboratorles on “new1um” 
and “yorkium.ˆ So far we Just have the names.” 

The letters were fun repartee at a fun time to be a Berkeley sclentist. Those sclenfists were 
creating the first new elements 1n our solar system since the supernova kicked everything off billions 
Of years before. Heck, they were outdoIng the supernova, making even more elemernfs than the natural 
ninetfy-two. No one, least of all them, could foresee how bitter the creation and even the namnng of 
elements would soon become——a new theater for the cold war. 


Glemn Seaborg reportedly had the longest Wfos Wo entry ever. Distinguished provost at Berkeley. 
Nobel Prizewinnng chemist. Cofounder of the Pac-l0 sports league. Adviser to Presidents 
Kemnedy, Johnson, Nixon, Carter, Reagan, and Bush (George H. W.) on atomic energy and the nuclear 
arms race. Team leader on the Manhattan ProJect. Etc., etc. But his first maJor sclentific discovery, 
which propelled him to those other honors, was the result of dumb luck. 

In 1940, Seaborg's colleague and friend, Edwin McMIllan, captured a long-standing pr1ze by 
creating the first transuramic element, which he named neptumum, after the planet beyond uraniums 
Uranus. Hungry to do more, McMIllan further realized that element ninety-three was pretty wobbly 
and might decay Into element nnety-four by spItting off another electron. He searched for evidence of 
the next element 1n earnest and kept young Seaborg—a gaunt, twenty-eipht-year-old Michigan native 
who grew up 1n a Swedish-speaking 1mmigrant colony—apprised of his progress, even dIscussing 
techniques while they showered at the gym. 

But more was afoot in 1940 than new elements. Once the U.S. øovernment decided to contribute, 


even clandestinely, to the resistance against the AxIs powers 1n World War II, it began whisking 
away scIentific stars, including McMIIIlan, to work on miÌItary proJects such as radar. Not prominent 
enoueh to be cherry-pIcked, Seaborg found himself alone 1n Berkeley with McMIIlanˆs equipment and 
full knowledge of how MeMIlIlan had plamned to proceed. Hurriedly, fearing 1t might be theIr one shot 
at fame, Seaborg and a colleague amassed a microscopIc sample ofelement ninety-three. After letting 
the neptunium seep, they sifted throuph the radioactive sample by dissolving away the excess 
neptumum, until only a small bit of chemical remained. They proved that the remaining atoms had to 
be element ninety-four by rIppIng electron after electron off with a powerful chemical until the atoms 
held a hipher electric charge (+7) than any element ever known. From 1ts very first momenfs, element 
ninety-four seemed special. Continuing the march to the edge of the solar systemr—and under the 
belief that this was the last possible element that could be synthesized—the sclentists named 1t 
plutonmrum. 

Suddenly a star himself, Seaborg In 1942 received a summons to go to Chicago and work for a 
branch of the Manhattan ProJect. He brought students with hìm, plus a techmiclan, a sort Of super- 
lackey, named AI Ghiorso. Ghiorso was Seaborg”s oppostte temperamertally. In pictures, Seaborg 
invarilably appears In a suit, even In the lab, while Ghiorso looks uneasy dressed up, more 
comfortable 1n a cardigan and a shirt with the top button undone. Ghiorso wore thick, black-framed 
ølasses and had heavily pomaded harr, and his nose and chín were poirted, a bit like Nixon”s. Also 
unlike Seaborg, Ghiorso chafed at the establishmernt. (He would have hz/ed the NIxon comparIson.) 
A litde childishly, he never earned more than a bachelor °s degree, not wanting to subJect himself to 
more schooling. Still, prideful, he followed Seaborg to Chicago to escape a monotonous Job wIring 
radioactivity detectors at Berkeley. When he arrived, Seaborg immediately put him to work——w1rIing 
detecfors. 

Nevertheless, the two hịt 1t off. When they returned to Berkeley after the war (both adored the 
university), they began to produce heavy elemenfs, as the New Yorker had 1t, “w1th spectacular, 1ƒ not 
dowrripht alarming frequency.”ˆ Other writers have compared chemists who discovered new elements 
1n the I§00s to big-game hunters, thr1lling the chemnstry-loving masses w1th every exotic specIes they 
bagged. If that flattering descrIption 1s true, then the stoutest hunters w1th the biggest elephant guns, the 
Ernest Hemingway and Theodore Roosevelt of the perlodic table, were Ghiorso and Seaborg——who 
điscovered more elements than anyone 1n history and extended the periodic table by almost one-sixth. 

The collaboration started in 1946, when Seaborg, Ghiorso, and others began bombarding delicate 
plutonum with radIoactive particles. This time, Instead of using neutron ammunmition, they used alpha 
particles, clusters oftwo profons and two neutrons. As charged particles, which can be pulled along 
by dangling a mechamical “rabbit” of the opposite charge 1n front of their noses, alphas are easler to 
accelerate to hiph speeds than mulish neutrons. Plus, when alphas stuck the plutomum, the Berkeley 
team got two new elemenfs at a stroke, since element mnety-six (plutomums protons plus two more) 
decaycd 1nto element ninety-fTve by eJecting a profon. 

As discoverers of ninety-five and mnety-six, the Seaborg-Ghiorso team earned the ripht to name 
them (an Informal tradition soon thrown 1nto anery confusion). They selected amerIcIum (pronounced 
“am-er-EE-see-um”), afer America, and curium, after Marle Curie. Departing from his usual 
stiness, Seaborg announced the elemerts not In a scIentific Journal but on a children”s radio show, 
Quiz Kids. A precoclIous tyke asked Mr. Seaborg 1f (ha, ha) he”d discovered any new elements lately. 
Seaborg answercd that he had, actually, and encouraged kids listening at home to telÏ their teachers to 
throw out the old periodic table. “Judging from the mail I later received from schoolchildren,” 
Seaborg recalled 1n his autobiography, “theIr teachers were rather skeptical.” 


Continuing the alpha-bombing experiments, the Berkeley team discovered berkelium and 
califormum 1n 1949, as described earlier. Proud of the names, and hopIng for a little recogmition, they 
called the Berkeley mayors office In celebration. The staffers 1n the mayor”s office listened and 
yawned—netther the mayor nor his staff saw what the big deal about the perlodic table was. The 
cIty's obfuseness got Ghiorso upset. Before the mayors snub, he had been advocating for calling 
element ninety-seven berkelium and makIng 1ts chemical symbol Bm, because the element had been 
such a “stinker” to discover. Afterward, he mipht have been tickled to think that every scatological 
teenager 1n the country would see Berkeley represented on the periodic table as “Bm” 1n school and 
laugh. (Unfortunately, he was overruled, and the symbol for berkelium became Bk.) 

Undeterred by the mayor ˆs cold reception, UC Berkeley kept 1nking 1n new boxes on the perIodIc 
table, keepIng school-chart manufacturers, who had to replace obsolete tables, happy. The team 
điscovered elemenfs ninety-nine and one hundred, einsteinum and fermium, 1n radioactive coral after 
a hydrogen bomb test 1n the Pacific In 1952. But their experimental apex was the creation of element 
101. 

Because elements pørow fragile as they swell with protons, sclentists had difficulty creating 
samples large enouph to spray with alpha particles. Getting enough einsteinrum (element ninety-nine) 
to even think about leapfrogging to element I01 required bombarding plutonrum for three years. And 
that was Just step one 1n a veriftable Rube Goldberg machine. For each attempt to create 101, the 
scIentists dabbed Invisibly tiny bifs of eInsteinium onto gold foil and pelted 1t with alpha particles. 
The 1rradiated gold trellis then had to be dissolved away, since 1ts radioactivify would 1nterfere with 
detecting the new elemert. In prevIous experIments to find new elemerfs, scIentists had poured the 
sample I1nto test tubes at this poInt to see what reacted with 1t, looking for chemical analogues to 
elemenfs on the periodic table. But with element 101, there werenˆt enough atoms for that. Therefore, 
the team had to Identify 1t “posthumously,” by looking at what was left over afier each atom 
đisinteprated——like pIecIng a car together from scraps after a bombing. 

Such forensic work was doable——except the alpha particle step could be done only 1n one lab, and 
the detection could be done only 1n another, miles away. So for each trial run, while the gold foll was 
dissolving, Ghiorso waifed oufside 1n his Volkswagen, motor running, to courler the sample to the 
other building. The team did this 1n the middle of the mght, because the sample, 1f stuck 1n a traffic 
Jam, might go radioactive 1n Ghiorso”s lap and waste the whole efort. When Ghiorso arrived at the 
second lab, he dashed up the stairs, and the sample underwent another quick purification before beIng 
placed Into the latest generatlon of detectors wired by Ghiorso—detectors he was now proud of, 
since they were the key apparatus 1n the most sophisticated heavy-elemert lab 1n the world. 

The team got the drill down, and one February mpht in 1955, their work paid off. In anticipation, 
Ghiorso had wired hs radiation detector to the buildings fire alarm, and when 1t finally detected an 
exploding atom of element 101, the bell shrieked. This happened sixteen more times that nipht, and 
with each ring, the assembled team cheered. At dawn, everyone went home drunkenly tirred and 
happy. Ghiorso forgot to unwire his detector, however, which caused some pamc among the 
buildingˆs occupants the next morning when a laggard atom of element I01 tripped the alarm one last 
time.* 

HavIng already honored their home city, state, and country, the Berkeley team suggested 
mendelevium, after DmitrI Mendeleev, for element I0I. Sclentifically, this was a no-brainer. 
Diplomatically, 1t was daring to honor a Russlan sclentist during the cold war, and 1t was not a 
popular cholce (at least domestically; Premier Khrushchev reportedly loved 19). But Seaborg, 
Ghiorso, and others wanted to demonstrate that scIence rose above petty polifics, and at the time, why 


nof? They could afford to be magnanimous. Seaborg would soon depart for Camelot and Kemnedy, 
and under AI Ghiorsos direction, the Berkeley lab chugged along. It practically lapped all other 
nuclear labs In the world, which were relegated to checking Berkeley”s arithmetic. The single time 
another group, from Šweden, clatimed to beat Berkeley to an element, number 102, Berkeley quickly 
điscredited the claim. Instead, Berkeley notched element 102, nobelium (after Alfred Nobel, dynamite 
1nvenfor and founder of the Nobel Prizes), and element 103, lawrencium (after Berkeley Radiation 
Laboratory founder and director Ernest Lawrence), 1n the early 1960s. 
Then, in 1964, a second 572k happened. 


Some Russlans have a creation myth about theIr corner of the planet. Way back when, the story øoes, 
God walked the earth, carryIng all 1ts minerals In his arms, to make sure they got distributed evenly. 
Thịs plan worked well for a while. Tantalum wert 1n one land, uranium another, and so on. But when 
God got to SIberia, his fingers got so cold and stiff, he dropped all the metals. His hands too frostbit 
to scoop them up, he left them there 1n disgust. And this, Russians boast, explains theIr vast stores of 
minerals. 

Despite those geological riches, only two useless elements on the periodic table were discovered 
1n Russia, ruthenum and samarium. Compare that paltry record to the dozens of elements discovered 
in Sweden and Germany and France. The list of great Russlan sclentists beyond Mendeleev 1s 
simlarly barren, at least In comparison to Europe proper. For var1ous reasons—despofIc fsars, an 
agrarian economy, poor schools, harsh weather——Russia Just never fostered the scIentific øemus 1t 
mipht have. It couldn”t even get basic technologles ripht, such as 1ts calendar. Until well past 1900, 
Russla used a misaliened calendar that Julius Caesarˆs astrologers had I1nvernted, leaving 1t weeks 
behind Europe and 1ts modern Gregorian calendar. That lag explains why the “October Revolution” 
that brought Vladimir Lenin and the Bolsheviks to power 1n 1917 actually occurred In Novermber. 

That revolutIlon succeeded partly because Lenin promised to turn backward Russia around, and the 
Soviet Politburo 1nsisted that sclentists would be first among equals 1n the new workersˆ paradIse. 
Those claims held true for a few years, as sclentists under Lenin went about theIr business with little 
state Interference, and some world-class scIentists emerged, amply supported by the state. In addition 
to making scIentIsts happy, money turned out to be powerful propaganda as well. Noting how well- 
funded even mediocre Soviet colleagues were, sclentists oufside the Soviet Umon hoped (and theIr 
hope led them to believe) that at last a powerful øovernment recogrmized their Importance. Even In 
America, where McCarthyIsm flourished 1n the early 1950s, sclentists offten looked fondly at the 
Soviet bloc for 1ts material support of scIentIfic progress. 

In fact, proups like the ultra-ripht-wing John Birch SocIety, founded 1n 1958, thought the SovIets 
might even be a little too clever with their sclence. The socIety fulminated against the addition of 
fuoride (1ons of fuorine) to tap water fo prevent cavities. Aside from 1odized salt, fluorinated water 
1S among the cheapest and most effective public health measures ever enacted, enabling most people 
who drank 1t to die with their own teeth for the first time 1n history. To the Birchers, thouph, 
fuoridation was linked with sex education and other “filthy Commumist plots” to control Amerlcans ` 
minds, a mirrored fun house that led straight from local water officials and health teachers to the 
Kremlin. Most Ư.S. scIenfists watched the antisclence fearmongering of the John Birch SocIety with 
horror, and compared to that, the pro-science rheforic ofthe Soviet Union must have seemed blissful. 

Beneath that skin of progress, thouph, a tumor had metastasized. Joseph Stalin, who assumed 
despotic control over the Soviet Dnion 1n 1929, had peculiar Ideas about sclence. He divided 1t— 


nonsensically, arbitrarily, and poIsonously——Into “bourgeoIs” and “proletarian” and punished anyone 
who practiced the former. For decades, the Soviet agpricultural research program was run by a 
proletarian peasant, the “barefoot scIentIsf” Trofim Lysenko. Stalin practically fell in love with him 
because Lysenko denounced the regressive 1dea that living thịngs, 1ncluding crops, 1nherIf traifs and 
genes from thelr parents. A proper MarxIst, he preached that only the proper soclal environment 
mattered (even for planfs) and that the Soviet environment would prove superIor to the capIfalist pig 
environmert. As far as 1t was possIble, he also made bioloøy based on genes “1llegal”° and arrested or 
executed dissidents. Somehow Lysenkolsm failed to boost crop yields, and the millions of 
collectivized farmers forced to adopt the doctrine starved. During those famines, an eminent British 
geneticIst gøloomily described Lysenko as “completely Ignorant of the elementary principles of 
genetics and plant physioloøgy.... To talk to Lysenko was like trying to explain the differential 
calculus to a man who dđid not know his twelve times table.” 

Moreover, Stalin had no compunction about arresting scIentists and forcing them to work for the 
state 1n slave labor camps. He shipped many scIenfists to a notorIous nickel works and prI1son oufside 
Norilsk, 1n SIberia, where temperatures regularly dropped to —80P°E. Thouph primarily a mickel mine, 
Norilsk smelled permanently of sulfur, from diesel fumes, and scIentisfs there slaved to extract a good 
portion of the toxic metals on the periodic table, including arsemc, lead, and cadmium. Pollution was 
rife, staining the sky, and depending on which heavy metal was 1n demand, 1t snowed pink or blue. 
'When all the metals were In demand, 1t snowed black (and still does sometimes today). Perhaps most 
creeptly, to this day reportedly not one free grows within thirty miles of the polsonous mckel 
smelters.* In keeping with the macabre Russian sense of humor, a local Joke says that bums 1n 
Norilsk, 1nstead of begsing for change, collect cups of rain, evaporate the wafter, and sell the scrap 
metal for cash. Jokes aside, much of a øeneration of SovIef scIence was squandered extracting nmckel 
and other metals for SovIet 1ndustry. 

An absolute realist, Stalin also distrusted spooky, counterintuitive branches of sclence such as 
quantum mechanmics and relativity. As late as 1949, he considered liquidating the bourgeo1s phys1c1sfs 
who would not conform to Commumist 1deologøy by dropping those theories. He drew back only when 
a brave adviser pointed out that this might harm the Soviet nuclear weapons program Just a bit. Plus, 
unlike 1n other areas of sclence, Stalin's “hearf” was never really Into purging physicIsts. Because 
physics overlaps with weapons research, Stalin”s pet, and remaIns agnosfic 1n response fo questIons 
about human nature, MarxIsms pet, phystIcists under Stalin escaped the worst abuses leveled at 
biologIsts, psychologIsfs, and economnsts. “Leave [physIcIsts| 1n peace,” Stalin graciously allowed. 
“W© can always shoot them later. ” 

Still, there”s another dimension to the pass that Stalin gave the physical sclences. Stalin demanded 
loyalty, and the Soviet nuclear weapons program had roofs In one loyal subJect, nuclear sclIentist 
Georøgy Flyorov. In the most famous piIcture of him, Flyorov looks like someone 1n a vaudeville act: 
smirkIng, bald front to crown, a little overweipht, with caterpillar eyebrows and an ugly strIped tie—— 
like someone who”d wear a squirting carnation 1n his lapel. 

That “Uncky Georgy” look concealed shrewdness. In 1942, Flyorov noticed that despIte the great 
progress German and American sclentists had made 1n uranum fission research 1n recent years, 
scIentific Journals had stopped publishing on the topic. Flyorov deduced that the fission work had 
become state secrets—which could mean only one thing. In a letter that mrrored Einstein's famous 
letter to Franklin Roosevelt about starting the Manhattan ProJect, Flyorov alerted Stalin about his 
suspIclons. Stalin, roused and paranoid, rounded up phystcists by the dozens and started them on the 
Soviet Union's own atomic bomb proJect. But “Papa Joe” spared Flyorov and never forgot hIs 


loyalty. 

Nowadays, knowIng what a horror Stalin was, 1ts easy to malign Flyorov, to label him Lysenko, 
part two. Had Flyorov kept quIet, Stalin might never have known about the nuclear bomb until August 
1945. Flyorov's case also evokes another possible explanation for Russila's lack of sclentific 
acumen: a culture of toadyism, which 1s anathema to sclence. (During Mendeleev”s time, In 1878, a 
Russtlan øeologIst named a mineral that contained samarium, element sixty-two, afler his boss, one 
Colonel Samarskl, a forgettable bureaucrat and mining official, and easily the least worthy eponym on 
the periodIc table.) 

But Flyorov's case 1s ambiguous. He had seen many colleagues" lives wasted—Including 650 
sclentists rounded up 1n one unforgettable purge of the elite Academy of Sclences, many of whom 
were shot for traltorously “opposing progress.” In 1942, Flyorov, age twenty-nine, had deep 
sclentific ambitions and the talent to realize them. Trapped as he was 1n his homeland, he knew that 
playIing politics was his only hope of advancemernt. And Flyorovˆs letter did work. Stalin and hIs 
Successors were so pleased when the Soviet Umion unleashed 1ts own nuclear bomb 1n 1949 that, 
eIpht years later, officials entrusted Comrade Flyorov with his own research lab. It was an Isolated 
facility eIphty miles outside Moscow, 1n the city of Dubna, free from state Interference. Alipning 
himself with Stalin was an understandable, 1ƒ morally flawed, decIsion for the young man. 

In Dubna, Flyorov smartly focused on “blackboard sclence”——prestIgIous but esoferIc †topIcs too 
hard to explain to laypeople and unlikely to ruffle narrow-minded 1deologues. And by the 1960s, 
thanks to the Berkeley lab, finding new elements had shifted from what 1t had been for centurIes——an 
operation where you got your hands dirty digsøing throuph obscure rocks—to a rarefied pursuIt In 
which elements “existed” only as prinfouts on radiation detectors run by computers (or as fire alarm 
bells). Even smashing alpha particles Into heavy elements was no longer practical, since heavy 
elements don't sit stilÏ long enouph to be targets. 

ScIenfists 1nstead reached deeper Into the perlodic table and tried to fuse liphter elements 
together. On the surface, these proJects were all arithmetic. For element 102, you could theoretically 
smash magnes1um (twelve) Into thor1um (minety) or vanadium (twenfty-three) Into gold (seventy-nine). 
Few combinations stuck together, however, so scIenfists had to Invest a lot of time 1n calculations to 
determine which palrs of elements were worth their money and effort. Flyorov and his colleagues 
studied hard and copied the techniques of the Berkeley lab. And thanks 1n large part to him, the Soviet 
nion had shrugged ofŸ 1ts reputatlon as a backwater 1n physical sclence by the late 1950s. Seaborg, 
Ghiorso, and Berkeley beat the Russians to elements I01, 102, and 103. But In 1964, seven years 
after the original Søwiz¡k, the Dubna team amnounced 1t had created element 104 first. 


Back 1n berkelium, californum, anger followed shock. Its pride wounded, the Berkeley team checked 
the SovIet results and, not surprIsinely, dismissed them as premature and sketchy. Meanwhile, 
Berkeley set out to create element 104 1tselfF—which a Ghiorso team, advised by Seaborg, did 1n 
1969. By that point, however, Dubna had bagged 105, too. Again Berkeley scrambled to catch up, all 
the while contesting that the Soviets were misreading their own data—a Molotov cocktail of an 
Iinsult. Both teams produced element 106 1n 1974, Just months apart, and by that time all the 
International unty of mendelevium had evaporated. 

To cement theIr claims, both teams began naming “their” elements. The lists are tedious to get 
1nto, but 1f”s Interesting that the Dubna team, à la berkelium, coined one element dubmum. For 1fs part, 
Berkeley named element 105 after Otto Hahn and then, at Ghiorso”s 1nsistence, named 106 affter 


Glem Seaborg—a living person—which wasnt “illegal” but was considered gauche In an 
1rritatinegly American way. Across the world, dueling element names began appearing 1n academic 
Journals, and printers of the periodic table had no 1dea how to sort through the mess. 

AmazIngly, this dispute stretched all the way to the 1990s, by which point, to add confusion, a 
team from West Germany had sprinted past the bickering Americans and SoviIets to claim contested 
elemenfs of their own. Eventually, the body that governs chemnstry, the International Umon of Pure 
and Applied Chemistry (IUPAC), had to step 1n and arbitrate. 

IUPAC sent nine scI1enfists to each lab for weeks to sort through Innuendos and accusafions and to 
look at primary data. The nine men met for weeks on their own, too, 1n a tribunal. In the end, they 
announccd that the cold war adversaries would have to hold hands and share credit for each elemert. 
That Solomomic solutIon pleased no one: an element can have only one name, and the box on the table 
was the real pr1ze. 

Finally, in 1995, the nne w1Ise men amnounced tenftatively official names for elements 104 to 109. 
The compromise pleased Dubna and Darmstadt (home of the West German group), but when the 
Berkeley team saw seaborgIum deleted from the list, they went apoplectic. They called a press 
conference to basically say, ““Io hell with you; weˆre using 1t in the U.S. of A.” A powerful American 
chemistry body, which publishes prestiglous Journals that chemnsts around the world very much like 
getting published 1n, backed Berkeley up. This changed the diplomatic situation, and the nine men 
buckled. When the really final, like-It-or-not list came out 1n 1996, 1t included seaborgium at T06, as 
well as the officlal names on the table today: rutherfordium (104), dubmum (105), borhium (107), 
hassium (108), and meitnerrum (109). After their win, with a public relatlons foresipht the New 
Yorker had once found lacking, the Berkeley team positioned an age-spotted Seaborg next to a hugøe 
periodic table, his gnarled finger pointing only sort oftoward seaborgium, and snapped a photo. His 
sweet smile betrays nothing of the dispute whose first salvo had come thirty-two years earller and 
whose bitterness had outlasted even the cold war. Seaborg died three years later. 
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After decades oƒ bickering with Soviet and West Œerman scientists, a satisfied but ƒrail Gilenn 
Seaborg poinífs toward his namesake clemenl, number 106, seaborgium, the onÏy elemenf ever 
named ƒor a living person. (Photo courtesy Lawrence Berkeley NaHonal Laboratory) 


But a story like this camnot end tidily. By the 1990s, Berkeley chemnstry was spert, limping behind 
1s Russian and especially German peers. In remarkably quick succession, between Just 1994 and 
1996, the Germans stamped out element T10, now named darmstadtium (Ds), after their home base; 
elemernt I1 1, roentgenium (Rg), affer the preat German scIentist Wilhelm Rönftgen; and element l1 12, 
the latest element added to the periodic table, 1n June 2009, copermicIum (Cn).* The German success 
no doubt explained why Berkeley defended 1s claims for past glory so tenacIously: 1t had no prospect 
of future Joy. Nevertheless, refusing to be eclipsed, Berkeley pulled a coup 1n 1996 by hiring a young 
Bulgarian named Victor Ninov——who had been Instrumertal 1n discovering elemenfs I10 and 112—— 
away from the Germans, to renew the storied Berkeley program. Ninov even lured AI Ghiorso out of 
semrretirement (“Ninov 1s as good as a young AI Ghiorso,” Ghiorso liked to say), and the Berkeley 
lab was soon surfing on opfImism agaIn. 

For theIr big comeback, In 1999 the Ninov team pursued a controversial experiment proposed by 
a Polish theoretical physicist who had calculated that smashing krypton (thirty-six) 1nto lead (eighty- 
two) Just mieht produce element II§. Many denounced the calculation as poppycock, but Ninoy, 
determined to conquer America as he had Germany, pushed for the experiment. Creating elements had 
ørown Into a multiyear, multimllion-dollar production by then, not something to undertake on a 
gamble, but the krypton experiment worked miraculously. “Victor must speak directly to God,” 


sclentists Jjoked. Best of all, element II§ decayed Immediately, spifting out an alpha particle and 
becomnng elemernt I1ó, which had never been seen either. With one stroke, Berkeley had scored two 
elements! Rumors spread on the Berkeley campus that the team would reward old AI Ghiorso with 
his own elemert, I 1§, “ghiorsium.” 

Except... when the Russlans and Germans tried to confirm the results by rerunnng the 
experIimerfs, they couldn't find element 118, Just krypton and lead. This nuÏl result might have been 
spIte, so part of the Berkeley team reran the experiment themselves. It found nothing, even afiter 
months of checking. Puzzled, the Berkeley admimstration stepped 1n. When they looked back at the 
original data files for element 118, they noticed something sickenming: there was no data. No proof of 
element 118 existed until a late round of data analysis, when “hits” suddenly materialized from 
chaotic 1s and 0s. All signs Iindicated that Victor Ninov——who had controlled the all-important 
radiation detectors and the computer software that ran them——had I1nserted false posifIves 1nto his data 
files and passed them of as real. lt was an unforeseen danger of the esoferic approach to extending 
the perlodic table: when elements exIst only on computers, one person can fool the world by 
hiJacking the computers. 

Mortified, Berkeley retracted the claim for 118. Ninov was fired, and the Berkeley lab suffered 
maJor budget cufs, decImating 1t. To ths day, Ninov demes that he faked any data—althouph, 
dammingly, after his old German lab double-checked his experimenfs there by looking Into old data 
files, 1t also retracted some (thouph not all) of Ninov”s findings. Perhaps worse, AmerIcan scIenfIsfs 
were reduced to traveling to Dubna to work on heavy elements. And there, in 2006, an 1nternational 
team amnounced that after smashing ten billion billion calcrum atoms 1nfo a (gulp) californium target, 
they had produced three atoms of element 118. Fittingly, the claim for element I18 1s contested, but 1f 
1t holds up——and there's no reason to think 1t wont—the discovery would erase any chance of 
“ghiorsium” appearing on the periodic table. The Russlans are 1n confrol, since 1t happened at the1r 
lab, and theyˆre said to be partial to “flyorrum.” 

















From Physics to Bioloøy 





Glen. Seaborg and AI Ghiorso brought the hunt for unknown elements to a new level of 
sophistication, but they were hardly the only scIenfists inking 1n new spaces on the periodic table. In 
fact, when 77me magazIne named fifteen U.S. sclentisfs 1s “Men of the Year” for 1960, 1t selected as 
one of the honorees not Seaborg or Ghiorso but the øreatest element craftsman of an earlier era, a man 
whoˆd nabbed the most sÏlippery and elusive element on the entire table while Seaborg was still 1n 
graduate school, Emilio Segrè. 

In an attempt to look futurIstic, the cover for the 1ssue shows a tiny, throbbing red nucleus. Instead 
Of electrons, 1† 1s surrounded by fifteen head shots, all 1n the same sober, stilted poses famillar to 
anyone who”s ever snickered over the teachers” spread In a yearbook. The lineup 1ncluded 
øeneticIsfs, astronomers, laser pioneers, and cancer researchers, as welÏ as a mug shot of WIlliam 
Shockley, the Jealous transIstor scIentist and future eugernicist. (Even 1n this 1ssue, Shockley couldn't 
help but expound on his theorles of race.) Despite the class-picture feel, 1t was an 1llustrlous crew, 
and 77me made the selectlons to crow about the sudden International dominance of AmerIcan scIence. 
In the first four decades of the Nobel Prize, through 1940, U.S. sclentists won fifteen pr1zes; 1n the 
next twenty years, they won forty-two.Š 

Segrè—who as an Immierant and a Jew also reflected the importance of World War II refugees to 
America”s sudden scIentific dominance—was among the older of the fifteen, at fifty-five. His pIcture 
appears 1n the top left quadrant, above and to the left of an even older man—LInus Pauling, aøe fIfty- 
nine, pictured 1n the lower middle. The two men helped transform periodic table chemistry and, 
thoueh not 1ntimafe friends, conversed about and exchanged letters on topIcs of mutual 1nterest. Seprè 
once wrote Pauling for advice on experiments with radIoactive beryllium. Pauling later asked Segrẻ 
about the provisional name for element eIphty-seven (francium), which Segrè had codiscovered and 
Pauling wanted to mention In an Encyclopaedia Britannica article he was writing on the perlodic 
table. 

What's more, they could have easilly been—In fact, should have been—faculty colleagues. In 
1922, Pauling was a hot chemnstry recruit out of Oregon, and he wrote a letter to Cnlbert LewIs (the 
chemist who kept losing the Nobel Prize) at the Universify of Califorma at Berkeley, Iinquiring about 
øraduate school there. Strangely, LewIs didnˆt bother answering, so Pauling enrolled at the California 
Institute of Technology, where he starred as a student and faculty member until I9§1. Only later did 
Berkeley realize 1t had lost Paulingˆs letter. Had Lewls seen 1t, he certainly would have admitted 
Pauling and then—gIven Lew1sˆs policy of keepIng top graduate studenfs as faculty members—would 
have bound Pauling to Berkeley for life. 

Later, Segrè would have Joined Pauling there. In 1938, Segrè became yet another Jew1sh refugee 
from fascIst Europe when Bemito Mussolim bowed to Hitler and sacked all the JewIsh professors 1n 
Italy. As bad as that was, the cIrcumstances of Segrẻ's appoIntment at Berkeley proved equally 
humiliating. At the time of his firing, Seprẻ was on sabbatical at the Berkeley Radiation Lab, a famed 
cousin of the chemnstry department. Suddenly homeless and scared, Segrè begged the director of the 


“Rad Lab” for a full-time Job. The director said yes, of course, but only at a lower salary. He 
assumed correctly that Segrè had no other options and forced him to accept a 60 percent pay cut, from 
a handsome $300 per month to S116. Seprèẻ bowed his head and accepted, then sent for his famly In 
Italy, wondering how he would support them. 

Segrèẻ got over the slight, and In the next few decades, he and Pauling (especially Pauling) became 
legends 1n theIr respective fields. They remain today two of the sreatest sclentists most laypeople 
have never heard of. But a largely forgotten link between them——T7ne certainly didnˆt bring 1t up——1S 
that Pauling and Segrẻ wIll forever be united In Infamy for making two of the bigøest mistakes 1n 
scIence hIstory. 

Now, mistakes 1n sclence dont always lead to baleful results. Vulcamzed rubber, Teflon, and 
pemcrllin were all mistakes. Camillo Golgi discovered osmium staining, a technique for making the 
details of neurons visible, affer spilling that element onto brain tissue. Even an outright falsehood—— 
the claim of the sixteenth-century scholar and protochemist Paracelsus that mercury, salt, and sulfur 
were the fundamertal atoms of the universe——helped turn alchemists away from a mind-warpIng quest 
for gold and usher 1n real chemical analysis. Serendipitous clumsiness and outripht blunders have 
pushed scIence ahead all through history. 

Paulingˆs and Segrès were not those kinds of mistakes. They were hide-your-eyes, don't-tell-the- 
provost gaffes. In theIr defense, both men were working on I1mmensely complicated proJects that, 
though grounded In the chemistry of sinele atoms, vaulted over that chemistry Into explaining how 
systems of atoms should behave. Then again, both men could have avoided theIr mistakes by studyIng 
a little more carefully the very periodic table they helped 1lluminate. 


Speaking of mistakes, no element has been discovered for the “first time” more times than element 
forty-three. It“s the Loch Ness monster ofthe elemental world. 

In 1828, a German chemist announced the discovery of the new celements “polimum” and 
“pluramum,” one of which he presumed was element forty-three. Both turned out to be Impure 
1rIdium. In 1§46, another German discovered “1lmenrum,” which was actually nobium. The next year 
someone else discovered “pelopIum,” which was mobIium, too. Element forty-three discIples at last 
øoft some good news 1n 1869, when Mendeleev constructed his perlodic table and left a tantalizIng 
gap between forty-two and forty-four. However, thouph good sclence 1fself: Mendeleev's work 
encouraged a lot of bad sclence, since 1t convinced people to look for something they were 
predisposed to find. Sure enough, eigpht years later one of Mendeleev”s fellow Russlans Inked 
“davyIum” 1nto box forty-three on the table, even thouph 1t weighed 50 percent more than 1t should 
have and was later determined to be a mix of three elements. Finally, in 1896 “lucIlum” was 
điscovered—and discarded as yttrIum——1ust In time for the twentieth century. 

The new century proved even crueler. In 1909, Masataka Ogawa discovered “mpponium,” which 
he named for his homeland (Nippon 1n Japanese). All the previous faux forty-threes had been 
contaminated samples or previously điscovered trace elements. Osgawa had actually discovered a 
new element—]ust not what he claimed. In his rush to se1ze element forty-three, he 1gnored other gaps 
1n the table, and when no one could confirm his work, he retracted 1t, ashamed. Only In 2004 did a 
countryman reexamine Ogawa”s data and determine he had 1solated element seventy-five, rhenium, 
also undiscovered at the time, w1thout knowing 1t. It depends whether you re a half-full or half.empty 
kind of person 1f you think Oøawa would be posthumously pleased to find out heˆd discovered at least 
something, or even more vexed at his wrenching mistake. 


Element seventy-five was discovered unambiguously In 1925 by three more German chemnsts, 
Otto Berg and the husband and wife team of Walter and Ida Noddack. They named 1t rhemum affter the 
Rhine River. Simultaneously, they announced yet another stab at element forty-three, which they 
called “masurium” after a reglon of Prussia. Given that nationalism had destroyed Europe a decade 
earlier, other sclentists did not look kindly on those Teutomic, even JingoIstIc names——both the Rhine 
and Masuria had been sites of German victories in World War I. A continent-wide plot rose up to 
discredit the Germans. The rhenium data looked solid, so sclentists concentrated on the sketchier 
“masurIum” work. According to some modern scholars, the Germans mipht have discovered element 
forty-three, but the trio”s paper contained sloppy mistakes, such as overestimating by many thousands 
Of times the amount of “masurium” they had 1solated. As a result, sclentists already suspIcIous of yet 
another claim for element forty-three declared the finding 1nvalid. 

Only 1n 1937 dịd two Italians 1solate the element. To do so, Emilio Segrè and Carlo Perrier took 
advarnftaøe of new work 1n nuclear physics. Element forty-three had proved so elusive until then 
because virtually every atom of 1t In the earths crust had disinteprated radioactively 1nto 
molybdenum, elemert forty-two, millions of years ago. So 1nstead of sifting throuph tons of ore like 
suckers for a few micro-ounces of 1t (as Berg and the Noddacks had), the Italians had an unknowIng 
American colleague make some. 

A few years earlier that American, Ernest Lawrence (who once called Berg and the Noddacks' 
claim for element forty-three “delusional”'), had Invented an atom smasher called a cyclotron to mass- 
produce radioactive elements. Lawrence was more Interested In creating I1sotopes of existing 
elemenfs than In creating new ones, but when Segrè happened to visit Lawrence”s lab on a tour of 
America 1n 1937, Segrè heard that the cyclotron used replaceable molybdenum parts——at which poInt 
his Internal Geiger counter went wild. He cagily asked to look at some discarded scraps. Weeks 
later, at Seprèˆ's request, Lawrence happlly flew a few worn-out molybdenum strIps to ltaly In an 
envelope. Segrẻˆs hunch proved correct: on the strips, he and Perrier found traces of element forty- 
three. They had filled the periodic table”s most frustrating øap. 

Naturally, the German chemnsts did not abandon their claims for “masurium.” Walter Noddack 
even visifted and quarreled with Segrè In the Italian's office—and diịd so dressed 1n an 1ntimidating, 
quasI-military uniform covered with swastikas. This didnˆt endear him to the short, volatile Seprè, 
who also faced political pressure on another matter. Officials at the Umversity of Palermo, where 
Segrẻ worked, were pushing him to name his new element “panormium,” after the Latin for Palermo. 
Perhaps wary because of the natilonalistic debacle over “masurium,” Seprè and Perrler chose 
technetium, Greek for “artificial,” 1nstead. It was fitting, 1f dull, since technetium was the first man- 
made element. But the name camnot have made Segrẻ popular, and In 1938 he arranged for a 
sabbatical abroad at Berkeley, under Lawrence. 

There”s no evidence Lawrence held a prudge agaInst Segrè for his molybdenum gambit, but 1t was 
Lawrence who lowballed Segrè later that year. In fact, Lawrence blurted out, oblivious to the 
Italian”s feelings, how happy he was to save $184 per month to spend on equipmert, like his precIous 
cyclotron. Ouch. This was further proof that Lawrence, for all his skill 1n securing funds and directing 
research, was obtuse with people. As ofien as Lawrence recruited one brilliant sclentist, his 
dictatorlal style drove another away. Even a booster of his, Glenn Seaborg, once said that 
Lawrenceˆs world-renowned and much-envied Rad Lab—and not the Europeans who did——should 
have discovered artificial radioactivity and nuclear fission, the most mormmentous điscoverles 1n 
sclence at the time. To miss both, Seaborg rued, was “scandalous failure.” 

Stil, Segrè mipht have sympathized with Lawrence on that last account. Segrè had been a top 


assistant to the legendary Italian physicIst Enrico Fermi 1n 1934 when Fermi reported to the world 
(wrongly, 1t turned out) that by bombarding uranium samples with neutrons, he had “discovered” 
element nnety-three and other transuramc elements. Fermi long had a repuftation as the quickest wIt In 
sclence, but 1n this case his snap Judgment misled him. In fact, he missed a far more consequenrtial 
discovery than transuramcs: he had actually induced uranum fission years before anyone else and 
hadn't realized 1t. When two German scIentists contradicted Fermni”s results in 1939, Fermiˆs whole 
lab was stunned—he had already won a Nobel Prize for this. Segrè felt especially chagrined. HIs 
team had been 1n charge of analyzing and Identifving the new celements. WOrse, he 1nstantly 
remerbered that he (among others) had read a paper on the possIbility of fission 1n 1934 and had 
dismissed 1t as 1ÏÏ conceived and unfounded——a paper by, ofall the danmed luck, Ida Noddack.Š 

Segrè—who later became a noted sclence historian (as well as, Inciderntally, a noted hunter of 
wild mushrooms)—wrote about the fission mistake In two books, sayIng the same terse thing both 
times: “F1ssion... escaped us, although 1t was called specifically to our aftention by Ida Noddack, 
who sent us an article in which she clearly indicated the possIbility.... The reason for our blindness 
1s not clear. ”* (As a historical curIosity, he might also have pointed out that the two people who came 
closest to điscovering fission, Noddack and lrène Joliot-Curie—dauphter of Marie Curie—and the 
person who evertually did discover 1t, Lise Meitner, were alÏ women.) 

nfortunately, Segrè learned his lesson about the absence of transuramc elements too literally, and 
he soon had his own solo scandalous fallure to account for. Around 1940, sc1entists assumed that the 
elemenfs Just before and Just afler uranium were transition metals. According to their arithmetic, 
element ninety fell 1n colunm four, and the first non-naturalÏy occurring element, ninety-three, fell 1n 
columm seven beneath technetium. But as the modern table shows, the elements near uranium are not 
transition metals. They sit beneath the rare earths at the bottom of the table and act like rare earths, not 
like technetium, 1n chemical reactions. The reason for chemnstsˆ blindness back then 1s clear. DespIte 
theIr homage to the periodic table, they didn”t take perlodictfty serIousÌy enough. They thouglht the rare 
carths were strange exceptions whose quirky, cliney chemistry would never repeat. But 1t does 
repeat: uranium and others bury electrons In fshells Just like the rare earths. They must, therefore, 
Jump off the main periodic table at the same poInt and behave like them 1n reactions. Simple, at least 
1n retrospect. A year after the bombshell discovery of fission, a colleague down the hall from Segrè 
decided to try again to find element ninety-three, so he 1rradiated some uramum 1n the cyclotron. 
Believing (for the reasons above) that this new element would act like technetium, he asked Segrè for 
help, since Segrẻ had discovered technettum and knew 1s chemistry better than anyone. Segrè, an 
eager element hunter, tested the samples. Taking after his quick-wItted mentor, Fermi, he announced 
that they acted like rare earths, not like heavy cousins of technettum. More humdrum nuclear fission, 
Segrè declared, and he dashed off a paper with the gÌum tile “An Unsuccessful Search for 
Transuramc Elements.” 

But while Segrè moved on, the colleague, Edwin MeMIIIan, felt troubled. All elements have 
unique radioactive signatures, and Segprẻˆs “rare earths” had different signatures than the other rare 
earths, which didnˆt make sense. After careful reasoning, MeMIllan realized that perhaps the samples 
acted like rare earths because they were chemical cousins ofrare earths and diverged from the main 
periodic table, too. So he and a partner redid the 1rradiation and chemnical tesfs, cutting Segrè out, and 
they immediately discovered nature”s first forbidden element, neptunium. The 1rony 1s too good not fo 
poInt out. Under Fermi, Segrẻ had misidentified nuclear fission productfs as transuramics. “Apparenty 
not learning from that experIience,” Glenn Seaborg recalled, “once again Segrè saw no need to follow 
up with careful chemnstry.” In the exact opposite blunder, Segrẻ slopplly misidentified transuramc 


neptumum as a fission product. 

Though no doubt fuirious with himself as a sclentIst, perhaps as a sclence historian Segrè could 
appreclate what happened next. McMIllan won the Nobel Prize 1n Chemnstry 1n 1951 for this work. 
But the Swedish Academy had rewarded Fermi for discovering the transuranic elements; so rather 
than admit a misfake, 1t defiantly rewarded McMIIIan only for Investigating “the chemisfry oƒ the 
transuranrum elements” (emphasis added). Then again, since careful, mistake-free chemnistry had led 
him to the truth, maybe that wasn't a slipht. 


If Segrè proved too cocksure for his own good, he was nothing compared to the øemus Just down I-5 
1n southern California, Linus Pauling. 

After earning his Ph.D. In 1925, Pauling had accepted an eIgphteen-month fellowship 1n Germany, 
then the center of the sclentific universe. ( Just as alÏ sclentists communicate 1n English today, back 
then 1t was de rigueur to speak German.) But what Pauling, still in hs twenties, learned about 
quantum mechamics 1n Europe soon propelled U.S. chemistry past German chemnistry and himself onto 
the cover of 77m magazIne. 

In short, Pauling figured out how quantum mechamics øoverns the chemical bonds between atoms: 
bond strength, bond length, bond angle, nearly everything. He was the Leonardo of chemistry—the 
one who, as Leonardo dđịd In drawing humans, got the anatomical details right for the first time. And 
since chemistry 1s basically the study of atoms forming and breaking bonds, Pauling single-handedly 
modernized the sleepy field. He absolutely deserved one of the great sclentific complimenfs ever 
paid, when a colleague said Pauling proved “that chemistry could be zđerstfood rather than beIing 
memor1zed” (emphasIs added). 

After that triumph, Pauling continued to play with basic chemistry. He soon figured out why 
snowflakes are six-sided: because of the hexagonal structure of 1ce. At the same time, Pauling was 
clearly 1tching to move beyond straightforward physical chemistry. One of his proJects, for 1nstance, 
determrned why sickle-cell anemia kIlls people: the misshaped hemoglobin In their red blood cells 
camot hold on to oxygen. Thịs work on hemoglobin stands out as the first time anyone had traced a 
disease to a malfunctioning molecule,Š* and 1t transformed how doctors thoupht of medicIne. Pauling 
then, in 1948, while laid up with the flu, decided to revolutiomze molecular biology by showIng how 
proteins can form long cylinders called alpha-helixes. Protein function depends largely on protein 
shape, and Pauling was the first to figure out how the Individual bifs In profeins “know”” what theIr 
proper shape 1s. 

In all these cases, Pauling”s real 1nterest (besides the obvious benefits to medicine) was 1n how 
new propertles emerge, almost miraculously, when small, dumb atoms self-assemble I1nto larger 
structures. The really fascInating angle 1s that the parts often betray no hint of the whole. Just as you 
could never guess, unless youd seen 1t, that individual carbon, oxygen, and mtrogen atoms could run 
together 1nto something as useful as an amino acid, you`d have no 1dea that a few amino acids could 
fold themselves Into all the proteins that run a living being. This work, the study of atomnc 
©€COSystems, was a sftep up 1n sophisticatlon even from creating new clements. But that Jump In 
sophistication also lefft more room for misinferpretation and mistakes. In the long run, Pauling”s easy 
success with alpha-helixes proved 1rornic: had he not blundered with another helical molecule, DNA, 


he would surely be considered one of the top five sclenfists ever. 

Like most others, Pauling was not Interested in DNA until 1952, even though SwIss bIologIst 
Friedrich Miescher had discovered DNA 1n 1869. Miescher dịd so by pouring alcohol and the 
stomach JuIce ofpIgs onfo pus-soaked bandages (which local hospitals gladly gave to him) until only 
a sticky, øoopy, grayIsh substance remaIned. Upon testing 1t, Miescher 1mmediately and self-servingÌy 
declared that deoxyribonucleic acid would prove 1mportant In biology. Unfortunately, chemical 
analysis showed hiph levels of phosphorus 1n 1t. Back then, proteins were considered the only 
Interesting part of biochemnstry, and since proteins contain zero phosphorus, DNA was Judged a 
vesfiee, a molecular appendix.* 

Only a dramatic experiment with viruses 1n 1952 reversed that preJudice. Viruses hiJack cells by 
clamping onto them and then, like 1nverse mosquifoes, 1nJecting rogue genefIc 1nformation. But no one 
knew whether DNA or proteIns carried that Information. So two genetIcisfs used radioactive tracers 
to tap both the phosphorus In viruses°” phosphorus-rich DNA and the sulfutr In their sulfur-rich 
proteins. When the sclentIsts examined a few hiJacked cells, they found that radioactive phosphorus 
had been 1njected and passed on but the sulfurous proteins had not. Proteins couldnˆt be the carrlers 
Of genefIc Informatlon. DNA was.* 

But what was DNA? ScIentists knew a little. It came 1n long strands, and each strand consisted of 
a phosphorus-sugar backbone. There were also nucleic acids, which stuck out from the backbone like 
knobs on a spIne. But the shape of the strands and how they linked up were mysferIes——Important 
mysterles. As Pauling showed with hemoglobin and alpha-helixes, shape relates 1ntimately to how 
molecules work. Soon DNA shape became the consuming question of molecular biology. 

And Pauling, like many ofhers, assumed he was the only one smart enough to answer 1t. This 
wasn't, or at least wasnt only, arrogance: Pauling had simply never been beaten before. So 1n 1952, 
with a penc1l, a slide rule, and sketchy secondhand data, Pauling sat down at his desk In California to 
crack DNA. He first decided, 1ncorrectly, that the bulky nucleic acids sat on the oufside of each 
strand. Otherwise, he couldn't see how the molecule ft together. He accordinply rotated the 
phosphorus-sugar backbone toward the moleculeˆs core. Pauling also reasoned, using the bad data, 
that DNA was a triple helix. That's because the bad data was taken from desiccated, dead DNA, 
which coils up diferently than wet, live DNA. The strange colling made the molecule seem more 
twisted than 1t 1s, bound around 1fselfthree times. But on paper, this all seemed plausIble. 

Everything was humming along mcely until Pauling requested that a graduate student check his 
calculations. The student dịd and was soon tyIing himself 1n knofs trying to see where he was wrong 
and Pauling was rIpht. Eventually, he pointed out to Pauling that 1t Just didnˆt seem like the phosphate 
molecules fit, for an elementary reason. DespIfe the emphasis 1n chemnstry classes on neutral atoms, 
sophisticated chemnsts don”t thi nk of elements that way. In nature, especilally 1n biology, many 
elemenfs exIst only as 1ons, charged atoms. Indeed, according to laws Pauling had helped work out, 
the phosphorus atoms in DNA would always have a negative charge and would therefore repel each 
other. He couldnt pack three phosphate strands Into DNA's core without blowing the dam thing 
apart. 

The graduate student explained this, and Pauling, being Pauling, politely 1gnored hìm. Itˆs not clear 
why Pauling bothered to have someone check him 1F he wasn't goIng to listen, but Paulingˆs reason for 
1pnoring the student 1s clear. He warnfted sclentifiic priority—he wanted every other DNA i1dea to be 
considered a knockofF of his. So contra his usual meticulousness, he assumed the anatomical detalls 
of the molecule would work themselves out, and he rushed his phosphorus-In, triple-stranded model 
Into print 1n early 1953. 


Meanwhile, across the Atlantic, two gawky graduafe students at Cambridge UniversIty pored over 
advance coples of Pauling's paper. Linus Pauling”s son, Peter, worked In the same lab as James 
Watson and Francis Crick* and had provided the paper as a courtesy. The unknown students 
desperately wanted to solve DNA to make theIr careers. And what they read 1n Pauling”s paper 
flabbergasted them: they had built the same model a year before——and had dismissed 1t, embarrassed, 
when a colleague had shown what a shoddy plece of work their triple helix was. 

During that dressing-down, however, the colleague, Rosalind Franklin, had betrayed a secret. 
Franklin specIalized 1n X-ray crystallopraphy, which shows the shapes of molecules. Earlier that 
vear, she had examined wet DNA from squid sperm and calculated that DNA was double-stranded. 
Pauling, while studyIng In Germany, had studied crystallography, too, and probably would have 
solved DNA Instantly 1f heˆ”d seen Franklins good data. (HIs data for dried-out DNA was also from 
X-ray crystallopraphy.) However, as an outspoken liberal, Pauling had had his passport revoked by 
McCarthyItes In the U.S. State Departmert, and he couldn't travel to England 1n 1952 for an 1mportant 
conference, where he mipht have heard of Franklin*s work. And unlike Franklin, Watson and Crick 
never shared data with rivals. Instead, they took Franklin's abuse, swallowed their pride, and started 
working with her 1deas. Not long aferward, Watson and Crick saw all theIr earller errors reproduced 
1n Pauling”s paper. 

Shaking off thetr disbelief, they rushed to their adviser, William Bragg. Bragg had won a Nobel 
Prize decades before but lately had become bitter about losing out on key discoverles—such as the 
shape of the alpha-helix—to Pauling, his flamboyant and (as one historian had 1t) “acerbic and 
publicity-seeking” rival. Bragg had banned Watson and Crick from working on DNA after therr 
triple-stranded embarrassmernt. But when they showed him Pauling”s boners and admitted theyˆd 
continued to work 1n secret, Bragg saw a chance to beat Pauling vet. He ordered them back to DNA. 

FIrst thing, Crick wrote a cagey letter to Pauling asking how that phosphorus core stayed Intact— 
considering Pauling”s theorles said 1t was Impossible and all. This distracted Pauling with futile 
calculations. Even while Peter Pauling alerted hìm that the two students were closing 1n, Pauling 
Insisted his three-stranded model would prove correct, that he almost had 1t. Knowing that Pauling 
was stubborn but not stupid and would see his errors soon, Watson and Crick scrambled for 1deas. 
They never ran experiments themselves, Just brilliantly 1nterpreted other people”s data. And 1n 1953, 
they finally wrested the missing clue from another scIentist. 

That man told them that the four nucleic acids 1n DNA (abbreviated A, C, T; and G) always show 
up 1n paired proportions. That 1s, 1fa DNA sample 1s 36 percent A, 1t wIll always be 36 percent T as 
well. Always. The same with C and G. From this, Watson and Crick realized that A and T; and C and 
G, must palr up Inside DNA. (Iromcally, that scientist had told Pauling the same thing years before on 
a sea cruIse. Pauling, annoyed at his vacation being 1nterrupted by a loudmouth colleague, had blown 
hìm off.) What”s more, miracle of miracles, those tfwo palrs of nucleic acIds fit together snuply, like 
puzzle pleces. This explained why DNA 1s packed so tightly together, a tiphtness that 1nvalidated 
Pauling”s main reason for turning the phosphorus Inward. So while Pauling strugsøled with his model, 
'Watson and Crick turned theirs 1nside out, so the negatIve phosphorus 1ons wouldn”t touch. Thịs gave 
them a sort oftwisted ladder——the famed double helix. Everything checked out brilliantly, and before 
Pauling recovered,Š they published this model 1n the April 25, 1953, 1ssue of Nafure. 

So how did Pauling react to the public humiliation of triple helixes and Inverted phosphorus? And 
to losing out—to his rival Bragg”s lab, no less——on the great biological discovery of the century? 
With Incredible dipmty. The same digmfy all of us should hope we could summon 1n a similar 
situation. Pauling admitted his mistakes, conceded defeat, and even promoted Watson and Crick by 





InvIting them to a professional conference he organized In late 1953. Given hIs sfature, Pauling could 
afford to be magnanimous; his early champIoning ofthe double helix proved he was. 


The years after 1953 went much better for both Pauling and Segrè. In 1955, Segrè and yet another 
Berkeley sclentist, Owen Chamberlain, discovered the antiproton. Antiprotons are the mirror Image 
Of regular protons: they have a negative charge, may travel backward In time, and, scartly, wIll 
anmhilate any “real” matter, such as you or me, on confact. After the prediction In 1928 that antimatter 
eXIsfs, one fype of antimatter, the antielectron (or posifron) was quickly and easily discovered 1n 
1932. Yet the antiproton proved to be the elusive technetrum of the particle physics world. The fact 
that Segrè tracked 1t down affter years of false sfarfs and dublous claims 1s a testament to his 
persIstence. That°s why, four years later, his gaffes forgotten, Seprẻ won the Nobel Prize In Physics. * 
Fittingly, he borrowed EdwIin McMIIlanˆs white vest for the ceremony. 

After losing out on DNA, Pauling got a consolatlon pr1ze: an overdue Nobel of his own, In 
Chemnstry In 1954. Typically for hìm, Pauling then branched out into new fields. Frustrated by his 
chromc colds, he started experimenting on himself by taking megadoses of vitamins. For whatever 
reason, the doses seemed to cure him, and he excitedly told others. Eventually, his Imprimatur as a 
Nobel Prize wimner gave momentum to the nutritional supplement craze still øoing strong today, 
Iincluding the scIentifically dubious notion (sorry†) that vitamin C can cure a cold. In addition, Pauling 
—who had refused to work on the Manhattan ProJect—became the world's leading anti-nuclear 
Weapons actIvist, marching 1n protests and penning books with titles such as No More Waár! He even 
won a second, surprIse Nobel Prize In 1962, the Nobel Peace Prize, becoming the only person to w1n 
two unshared Nobels. He did, however, share the stage 1n Stockholm that year with two laureates 1n 
medIicine or physlology: James Watson and FrancIs CrIick. 


Poisoner”s Corrtidor° “Quch-Ouch ” 


48 SI s3 
112,412 11 204.393 11 209.98 232,031 


Pauling learned the hardest way that the rules of biology are much more delicate than the rules of 
chemnstry. You can nieh well abuse amino acids chemically and end up with the same bunch of 
agitated but 1ntact molecules. The fragile and more complex proteins of a living creature wIll wIÏt 
under the same stress, be 1t heat, acid, or, worst of all, rogue elements. The most delinquent elements 
can exploIt any number of vulnerabilities In living cells, oflen by masking themselves as life-g1ving 
minerals and micronutrients. And the sforles of how Ingemiously those elements undo life—the 
exploIts of “poIsonerˆs corridor”——provide one ofthe darker subplots ofthe perlodic table. 

The liphtest elemenf 1n poIsoner”s corrIdor 1s cadmium, which traces 1fs notorIefy fo an ancIent 
mine 1n certral Japan. Miners began digging up precIous mefals from the Kamioka mines in AD 710. 
In the following centuries, the mountains of Kamioka yielded gold, lead, silver, and copper as var1ous 
shoguns and then business magnates vied for the land. But not until twelve hundred years after strIking 
the first lode did miners begin processing cadmium, the metal that made the mines Infamous and the 
cry “aï-ifai!” a byword 1n Japan for suffering. 

The Russo-Japanese War of 1904-1905 and World War I a decade later greatly Increased 
Japanese demand for metals, Including zInc, to use 1n armor, alrplanes, and ammumition. Cadmium 
appears below zInc on the periodic table, and the two metals mix 1ndistinguishably 1n the earth”s 
crust. To pur1fy the zinc mined 1n Kamioka, miners probably roasted 1t like coffee and percolated 1t 
with acid, removing the cadmium. Following the environmerftal regulatlons of the day, they then 
dumpcd the leftover cadmium sÏludøe Into streams or onfo the ground, where 1t leeched 1nto the water 
table. 

Today no one would think of dumping cadmium like that. IU“s become too valuable as a coating for 
batteriles and computer parts, to prevent corrosion. It also has a long history of use 1n pIgmerts, 
tanning agerts, and solders. In the twentieth century, people even used shiny cadmum plating to line 
trendy drinking cups. But the main reason no one would dump cadmium today 1s that 1t has rather 
horrifying medical comnotations. Manufacturers pulled 1t from the trendy tankards because hundreds 
of people fell 1ll every year when acIdic fruit Juice, like lemonade, leached the cadmium from the 
vessel walls. And when rescue workers at Ground Zero after the September II, 2001, terrorIst 
attacks developed respIratory điseases, some doctors Immediately suspected cadmium, among other 
substances, since the collapse of the World Trade Center towers had vaporIzed thousands of 
electromec devices. That assumption was Incorrect, but 1fs telling how reflexively health oficlals 
fingered elemernt forty-eIpht. 

Sadly, that conclusion was a reflex because of what happened a century ago near the Kamioka 
mines. As early as 1912, doctors there noticed local rice farmers being felled by awful new diseases. 
The farmers came 1n doubled over with Jjoint and deep bone paIn, especially the women, who 
accourted for forty-nine of every fifty cases. Thetr kidneys often failed, too, and theIr bones softened 
and snapped from the pressure of everyday tasks. One doctor broke a girl's wrIst while takIng her 
pulse. The mystery disease exploded 1n the 1930s and 1940s as militarism overran Japan. Demand 





for zinc kept the ores and sludge pouring down the mountaIns, and although the local prefecture (the 
Japanese equivalent of a state) was removed from actual combat, few areas suffered as much during 
World War II as those around the Kamioka mines. As the disease crept from village to village, 1t 
became known as 7/27-¡fa¡, or “ouch-ouch,” disease, after the crles of pain that escaped victims. 

Only after the war, In 1946, did a local doctor, Noboru Hagino, begin studying 1faI-I1tal disease. 
He first suspected malnutrition as the cause. This theory proved untenable by 1tself, so he switched 
his focus to the mines, whose hiph-tech, Western excavation methods contrasted with the farmers” 
primifive paddles. With a public health professor ˆs help, Hagino produced an epIdemiological map 
plotting cases of 1tai-Itai. He also made a hydrological map showIng where the Jinzu River—which 
ran throuph the mines and 1rrigated the farmers" fields miles away—deposifed 1fs runoff. Laid over 
the top of each other, the two maps look almost 1dentical. Afer testing local crops, Hagino realized 
that the rice was a cadmium sponge. 

Painstaking work soon revealed the pathology of cadmium. Zinc 1s an essential mineral, and Just 
as cadmium mixes with zinc In the øround, 1t Interferes with zInc 1n the body by replacIng 1t. Cadmrum 
also sometimes evicts sulfur and calcium, which explains why 1t affected people°s bones. 
Unfortunately, cadmrium 1s a clumsy element and can”t perform the same biological roles as the others. 
Even more unfortunately, once cadmium sÏips 1nto the body, 1t cannot be fushed out. The malnutrItion 
Hagino suspected at first also played a role. The local diet depended heavily on rice, which lacks 
essential nutrIents, so the farmers” bodIes were sfarved of certain minerals. Cadmium mimicked those 
minerals well enouph that the farmers” cells, In dietary desperation, began to weave 1t 1nto theIr 
Organs at even hipher rates than they otherwIse would have. 

Hagino went public with his results in 1961. Predictably and perhaps understandably, the mining 
company legally responstble, Mitsui Miming and Smelting, demed all wrongdoing (1t had only boupht 
the company that had done the damage). To 1ts shame, Mitsui also campalgned to discredit Hagino. 
When a local medical commmttee formed to 1nvestigafe 1taI-1tal, Mitsui made sure that the commmttee 
excluded Hagino, the world expert on the disease. Hagino ran an end around by working on newfound 
cases Of 1tal-I1ftai in NagasakI, which only bolstered his claims. Eventually, the conscience-strIcken 
local commnttee, desplte being stacked against Hagino, admitted that cadmum might cause the 
disease. Upon appeal of ths wishy-washy ruling, a national government health committee, 
overwhelmed by Hagino's evidence, ruled that cadmium absolutely causes 1tai-Ital. By 1972, the 
mining company began payIng restitution to 178 survivors, who collectively sought more than 2.3 
billion yen amnually. Thirteen years later, the horror of element forty-eight still retained such a hold 
on Japan that when filmmakers needed to kill of Godzilla 1n the then-latest sequel, 72 Refurn oƒ 
GŒodzil1a, the Japanese mÏItary 1n the film deployed cadmrum-tipped missiles. Considering that an H- 
bomb had g1ven Godzilla life, thatˆs a pretty dim view of this elemert. 

StiIH, 1tai-Iftai disease was not an 1solated 1ncident 1n Japan last century. Three other times 1n the 
1900s (twIce with mercury, once with sulfur dioxide and mtrogen dioxIde), Japanese villagers found 
themselves victims of mass 1ndustrial poisonings. These cases are known as the Big Four Pollution 
Diseases of Japan. In addition, thousands more suffered from radiation poIsoning when the United 
States dropped a uranium and a plutomum bomb on the 1sland 1n 1945. But the atomic bombs and 
three of the Big Four were preceded by the long-silent holocaust near Kamioka. Except 1t wasn”t so 
silent for the people there. “lta1-Ita1.” 


Scarily, cadmium 1s not even the worst polson among the elements. It sits above mercury, a 


neurotoxin. And to the right of mercury sit the most horr1fic mug shots on the periodic table—thallrum, 
lead, and polomum-—the nucleus ofpoIsonerˆs corr1dor. 

This clustering 1s partly coincidence, but there are legItimate chemical and phystical reasons for 
the high concerntration of polsons 1n the southeast corner. One, paradoxIcally, 1s that none of these 
heavy metals 1s volatile. Raw sodium or potassium, 1f Ingested, would explode upon contact with 
every cell Inside you, since they react with water. But potassium and sodIum are so reactive they 
never appear 1n theIr pure, dangerous form 1n nature. The poIsonerˆs corridor elemenfs are subtler 
and can mierate deep 1nside the body before goIng of. What”s more, these elements (like many heavy 
metals) can give up different numbers of electrons depending on the circumstances. For example, 
whereas pofassium always reacts as KT, thallium can be TIT or THỞ. As a result, thallium can mimic 
many elements and wrigsle Into many different biochemical mches. 

That's why thalltum, element eighty-one, 1s considered the deadliest element on the table. Anmmal 
cells have special 1on chamnels to vacuum up pofassium, and thallium rides 1nto the body via those 
chamnels, often by skin osmosIs. Once 1nside the body, thallium drops the pretense of being pofassium 
and starts unstitching key amino acid bonds Inside proteins and unraveling their elaborate folds, 
rendering them useless. And unlike cadmium, thalltum doesn't stick In the bones or kidneys, but roams 
like a molecular Mongol horde. Each atom can do an outsized amount of damage. 

For these reasons, thallium 1s known as the poIsoner ˆs poIson, the element for people who derIve 
an almost aesthetic pleasure from lacing food and drinks with toxins. In the 1960s, a notorIous British 
lad named Graham Frederick Young, affer reading sensationalized accounts of serial killers, began 
experImenting on his famnily by sprinkling thallrum Into their teacups and stew pots. He was soon sent 
to a mental 1nstitution but was later, unaccountably, released, at which point he poisoned sevenfy 
more people, 1ncluding a succession of bosses. Only three died, since Young made sure to prolong 
theIr suffering with less-than-lethal doses. 

Young”s victims are hardly alone In history. Thallium has a gruesome record Š of killing spIes, 
orphans, and great-aunts with large estates. But rather than relive darker scenes, maybe 1ts better to 
recall element eIghty-one”s sinele foray 1nto (admittedly morbid) comedy. DurIng 1ts Cuba-obsessed 
vears, the Central Intelligence Aøgency hatched a plan to powder Fidel Castro”s socks wIth a sort of 
talcum powdker tainted with thallium. The sples were especially tickled that the poilson would cause 
all his haIr, Including his famous beard, to fall out, which they hoped would emasculate Castro 1n 
front of his comrades before killing him. There”s no record of why this plan was never attempted. 

Another reason thallium, cadmium, and other related elements work so well as poIsons 1s that they 
stick around for aeons. I don't Just mean they accumulate 1n the body, as cadmium does. Rather, like 
oxygen, these elements are likely to form stable, near-spherical nuclei that never go radIoactive. 
Therefore, a fair amount of each stilÏ survIves 1n the earth”s crust. For 1nstance, the heaviest eternally 
stable elemernt, lead, sits in box eIghty-two, a magIc number. And the heaviest almost-stable elemernt, 
bismuth, 1s 1†s neighbor, 1n box eIphty-three. 

Because bismuth plays a surprising role in polsoner”s corridor, this oddball element merIts a 
closer look. Some quick bIsmuth facts: Thouph a whitish metal with a pinkish hue, bismuth burns with 
a blue fame and emits yellow fumes. Like cadmium and lead, bismuth has found wIdespread use 1n 
paInts and dyes, and 1t offten replaces “red lead” 1n the crackling fireworks known as dragon”s egøs. 
AIlso, of the nearly Infimte number of possIble chemicals you can make by combining elements on the 
periodic table, bismuth 1s one ofthe very few that expands when 1t freezes. W©e donˆt appreclate how 
b1zarre this 1s because of common I1ce, which floats on lakes while fish slide around below 1t. A 
theoretical lake of bismuth would behave the same way——but almost uniquely so on the perlodic 


table, since solids virtually always pack themselves more tiphtly than liquids. Whats more, that 
bismuth Ice would probably be gorgeous. Bismuth has become a favorife desktop ornament and 
đecorative knickknack for mineralogIsts and elemenf nuts because 1t can form rocks known as hopper 
crysfals, which tw1st themselves 1nto elaborate rainbow sftaircases. Newly frozen bismuth mipht look 
like Techmrcolor M. C. Escher drawIngs come to lIfe. 

Bismuth has helped sclentists probe the deeper structure of radiloactive matfer as well. For 
decades, scIentists couldn”t resolve conflicting calculations about whether certain elements would 
last until the end of time. So 1n 2003, physicists 1n France took pure bismuth, swaddled 1t in elaborate 
shields to block all possible outside 1nterference, and wired detectors around 1t to try to determine 1s 
half-life, the amount of time 1t would take 50 percent of the sample to disintegrate. Halflife 1s a 
common measurement of radioactive elements. If a bucket of one hundred pounds of radioactive 
element X takes 3.14159 years to drop fiffy pounds, then the half-life 1s 3.4159 years. After another 
3.14159 years, you°d have twenty-five pounds. Nuclear theory predicted bismuth should have a halfˆ 
life of twenty billion billion years, mụch longer than the age of the universe. (You could multiply the 
aøe Of the universe by 1fself and get close to the same figure—and still have only a fifty-fifty shot of 
seeing any given bismuth atom disappear.) The French experiment was more or less a real-life 
Waiting ƒor Godot. But amazinply, 1t worked. The French sclentists collected enough bismuth and 
summoned enouph patience to w1tness a number of decays. This result proved that 1nstead of being the 
heaviest stable atom, bismuth w1Ïll live only long enouph to be the final elemert to go extinct. 





The wild, Technicolor swirls oƒ a hopper crystal ƒorm when the element bismuth cools infto a 
staircase crystalline pattern. This crystal spans the width oƒ an qdult hand. (Ken KerafŸƒ, Krystals 
Unlimited) 


(A simlarly Beckettesque experiment 1s running right now 1n Japan to determine whether a/! 
matter will eventually disinteerate. Some sclentists calculate that protons, the building blocks of 


elemenfs, are ever-so-sliphtly unstable, with a half-life of at least 100 billion trill1on trìlion years. 
Undaunted, hundreds of sclentists set up a huge underground pool ofultra-pure, ultra-still water deep 
Iinside a mineshaft, and they surrounded 1t with rings of halr-frIigøer sensors, 1n case a proton does 
split on theIr watch. This 1s admittedly unlikely, but 1ts a far more benevolent use of the Kamioka 
mines than prevIously.) 

IUs time to confess the full truth about bismuth, thouph. It”s techmcally radioactive, yes, and 1fs 
coordinates on the periodic table Imply that element eIghty-three should be awful for you. It shares a 
columm wIth arsenic and antimony, and 1t crouches among the worst heavy-metal poIsons. Yet bismuth 
1S actually bemign. It“s even medicinal: doctors prescribe 1t to soothe ulcers, and 1t's the “bis” 1n hot- 
pink Pepto-BIsmol. (When people got diarrhea from cadmium-tainted lemonade, the antidote was 
usually bismuth.) Overall, bismuth 1s probably the most misplaced element on the table. That 
statement mieht cause chaprin among chemisfs and physicIlss who want to find mathematical 
consistency 1n the table. Really, Its further proof that the table 1s filled with rịch, unpredictable 
sforIes 1f you know where to look. 

In fact, Iinstead of labeling bismuth a freakish anomaly, you might consider 1t a sort of “noble 
metal.” Just as peaceful noble øases cleave the periodic table between two sets of violent——but 
differently violent—elements, pacific bismuth marks the transition of poIsonerˆs corridor from the 
convertional retching-and-deep-pain poIsons điscussed above to the scorching radioactive poIsons 
described below. 

Lirking beyond bismuth 1s polomum, the poIsonerˆs polIson of the nuclear age. Like thallium, 1t 
makes people”s haIr fall out, as the world discovered in November 2006 when Alexander Litvinenko, 
an ex—KGB agent, was poIsoned by polomum-laced sushi in a London restaurant. Past polomum 
(skipping over, for now, the ulÌtra-rare element astatine) sits radon. As a noble gas, radon 1s colorless 
and odorless and reacts with nothing. But as a heavy elemert, 1t displaces aIr, sinks 1nto the lungs, and 
discharges lethal radloactive particles that lead Inevitably to lung cancer—Just another way 
pOoIsonerˆs corridor can nIp you. 

Indeed, radioactivity dominates the bottom of the periodic table. It plays the same role the octet 
rule does for elemenfs near the top: almost everything useful about heavy elements derIves from how, 
and how quickly, they go radioactive. Probably the best way to 1llustrate this 1s through the story of a 
young American who, like Graham Frederick Young, øgrew obsessed with dangerous elements. But 
David Hahn wasn't a soclopath. HIs disastrous adolescence sprang from a desire to help people. He 
wanted to solve the world”s energy crIsis and break 1ts addiction to oil so badly-—as badly as only a 
tcenager can want something—that this Detrott sixteen-year-old, as part of a clandestine Eagle Scout 
proJect gone berserk 1n the mid-1990s, erected a nuclear reactor 1n a potting shed 1n his mother”s 
backyard.* 

David started off small, inuenced by a book called 7e Golden Book oƒ Chemistry Experliments, 
written 1n the same wIncInely earnest tone as a 1950s reel-to-reel educational movie. He prew so 
excifted about chemistry that his girlfriend”s mother forbade him to speak to guests at her parties 
because, 1n the 1ntellectual equivalent of talking with his mouth full, he”d blurt out unappetizIng facts 
about the chemicals 1n the food they were eating. But his Interest wasn't Just theoretical. Like many 
prepubescent chemnisfs, David quickly outprew his box chemnstry set, and he began playing with 
chemricals violent enough to blow his bedroom walls and carpet to hell. His mother soon banished 
him to the basement, then the backyard shed, which suited hìm fine. Unlike many budding scIentisfs, 
though, David didn”t seem to get better at chemistry. Once, before a Boy Scout meeting, he dyed his 
skin orange when a fake tanning chemical he was workIng on burped and blew up In his face. And 1n 


a move only someone 1gnorant of chemistry would try, he accidentally exploded a container of 
purIfied pofassium by tampIng 1t with a screwdriver (a baaaad 1dea). An ophthalmologIst was still 
digging plastic shards out ofhIs eyes months later. 

Even after that, the disasters continued, althouph, 1n his defense, David dịd take on Increasingly 
complicated proJects, like his reactor. To get started, he applied the little knowledge heˆd gleaned 
about nuclear physics. This knowledge didn”t come from school (he was an 1ndifferent, even a poor, 
student) but from the glowinply pro-nuclear energy pamphlets he wrote away for and from 
correspondence with øovernment officials who believed sixteen-year-old “Professor Hahn”s” ruse 
about wanting to dev1Ise experImernts for fictitIous studerts. 

Among other things, David learned about the three main nuclear processes——fusion, fission, and 
radioactive decay. Hydrogen fusion powers sfars and 1s the most powerful and efficIent process, but 
1t plays little role In nuclear power on earth, since we can't easIly reproduce the temperatures and 
pressures needed to I1gmte fusion. David 1nstead relied on uranium fission and the radioactivity of 
neutrons, which are by-products of fission. Heavier elemenfs such as uranium have trouble keeping 
posiftIve protons bound 1n their tiny nuclet, since 1dentical charges repel, so they also pack 1n neutrons 
to serve as buffers. When a heavy atom fissions 1nto two liphter atoms of roughly equal size, the 
lighter atoms require fewer neutron buffers, so they spit the excess neutrons out. Sometimes those 
neutrons are absorbed by nearby heavy atoms, which become unstable and spIt out more neutrons 1n a 
chain reaction. In a bomb, you can Just let that process happen. Reacfors require more fouch and 
corfrol, since you wart to string the fission out over a longer period. The main engineering obstacle 
David faced was that after the uranium atoms fission and release neutrons, the resulting liphter atoms 
are stable and camnot perpetuate the chaIn reaction. As a result, conventional reactors slowly die from 
lack of fuel. 

Realizing this—and going obscenely far beyond the atomic energy merit badge he was orIginally 
seeking (really)—David decided to build a “breeder reactor,” which makes 1ts own fuel throuph a 
clever combination of radioactive specles. The reacftorˆs 1mtial source ofpower would be pellets of 
uramum-233, which readily fissions. (The 233 means the uramum has 14I neutrons plus 92 protons; 
nofice the excess of neutrons.) But the uranum would be surrounded with a Jacket ofa slightly lighter 
elemert, thorium-232. After the fission events, the thorium would absorb a neuftron and become 
thorium-233. Unstable thorIum-233 undergoes beta decay by spitting out an electron, and because 
charges always balance 1n nature, when 1t loses a negative electron, thor1Ium also converts a neufron 
to a posifIve proton. This addition ofa proton shiffs 1t to the next element on the table, protactimum- 
233. This 1s also unstable, so the protactimum spIfs out another electron and transforms 1nto what you 
started with, uramum-233. Almost magically, you get more fuel Just by combining elements that go 
radioactive 1n the rIpht way. 

David pursued this proJect on weekends, since he lived only part-tine with his mom after his 
parents' divorce. For safety's sake, he acquired a dentists lead apron to protect his organs, and 
anytime he spent a few hours 1n the backyard shed, he discarded his clothes and shoes. (His mom and 
stepdad later admtted that they”*d noticed him throwing away good clothes and thoupht 1t pecullar. 
They Just assumed David was smarter than they were and knew what he was dong.) 

Of all the work he did, probably the easlest part of the proJect was finding the thorrum-232. 
ThorIum compounds have extremely high melting poInts, so they glow extra-bripht when heated. 
They re too dangerous for household lightbulbs, but In industrial settings, especially mines, thorIum 
lamps are common. Instead of wire filaments as wIcks, thorIum lamps use small mesh nets called 
marfles, and David ordered hundreds of replacement mantles from a wholesaler, no questions asked. 


Then, showing Improvemert 1n his chemnstry, he melted down the mantles Into thorrum ash with 
sustained heat from a blowtorch. He treated the ash w1th $1,000 worth of lithiuim he had obtained by 
cuffting open batterles with wIre cutters. Heating the reactive lithium and ash over a Bunsen burner 
purified the thorium, øIving David a fine Jacket for h1s reactor core. 

nfortunately, or perhaps fortunately, however well David learned radioactive chemnstry, the 
physIcs escaped him. David first needed uramum-235 to 1rradiate the thorrum and turn 1t, the thor1um, 
1nto uraniun-233. So he mounted a Geiger counfer (a device that regIsters radioactivity with a click- 
click-click-click) on the dashboard of his Pontiac and cruised rural Michigan, as 1f he”d Just stumble 
orfo a uramum hot spot 1n the woods. But ordinary uranium 1s mostly uranum-238, which 1s a weak 
source of radioacfivify. (FIguring out how to enrich ore by separating uranium-235 and uramum-238, 
which are chemically I1dentical, was In fact a maJor achievement of the Manhattan ProJect.) David 
evertually scored some uranium ore from a sketchy supplier 1n the Czech Republic, but agaIn 1t was 
ordinary, unenriched uramum, not the volatile kind. Eventually abandoming this approach, Hahn built 
a “neufron gun” to I1rradiate his thorium and get the uramum-233 kindling that way, but the gun barely 
worked. 

A few sensational media stories later 1mplied that David almost succeeded 1n building a reactor In 
the shed. In truth, he wasn”t close. The legendary nuclear sclentist Al Ghiorso once estimated that 
David started with at least a billion billion times too liffe fissionable materlal. David certainly 
gathered dangerous materials and, depending on his exposure, might well have shortened his liíe 
span. But that ˆs easy. There are many ways fo poIson yourselfw1th radloactivify. There are very, very 
few ways fo harness those elements, w1th proper timing and controls, to get something useful from 
them. 

StiIl, the police took no chances when they uncovered David”s plan. They found him late one nmipht 
pokIng around a parked car and assumed he was a punk stealing tires. After detaining and harassing 
hím, they searched his Pontiac, which he kindly but stupidly warned them was full of radloactive 
materials. They also found vials of stranee powder and hauled him In for questioning. David was 
savvy enouph not to mention the “hot” equipmert In the potting shed, most of which he”d already 
dismartled anyway, scared that he was making too much progress and mipht leave a crater. While 
federal agencles wrangled about who was responsible for David——no one had tried to 1llegally save 
the world with nuclear power before—the case dragsed on for months. In the meantirme, David”s 
mother, fearing her house would be condemned, slipped Into the laboratory shed one might and hauled 
almost everything In there to the trash. Months later, officials finally stormed across the neIghbors” 
backyards 1n hazmat gear to ransack the shed. Even then, the lefiover cans and tools showed a 
thousand times more radioactivity than background levels. 

Because he had no malevolent Iintentions (and September I1 hadn”t happened vet), David was 
mostly let off the hook. He did argue with his parenfs about his future, however, and after graduating 
from high school, he enlisted In the Navy, 1tching to work on nuclear submarines. Given David”s 
history, the Navy probably had no cholIce, but 1nstead of letting him work on reactors, 1t put him on 
KP and had him swab decks. Unfortunately for him, he never got the chance to work on sclence 1n a 
corfrolled, supervised setting, where his enthusiasm and nascent talent mipht, who knows, have done 
some øood. 

The denouement of the story of the radioactive Boy Scout 1s sad. After leaving the military, David 
drifted back to his suburban hometown and bummed around without much purpose. Affer a few quIet 
vears, 1n 2007 police caught him tampering with (actually stealing) smoke detectors from his own 
apartmert building. With David”s record, this was a sipmificant offense, since smoke detecfors run on 


a radioactive elemenft, americium. AmericIum 1s a reliable source of alpha particles, which can be 
chamneled Into an electric current 1nside detectors. Smoke absorbs the alpha particles, which disrupts 
the current and sets offthe shrill alarm. But David had used americium to make his crude neufron gun, 
since alpha particles knock neutrons loose from certain elements. Indeed, heˆd already been caupht 
once, when he was a Boy Scout, stealing smoke detectors at a summer camp and had been kicked off 
the grounds. 

In 2007, when his mug shot was leaked to the media, David”s cherubic face was pockmarked with 
red sores, as 1ƒ he had acute acne and had picked every pimple until 1t bled. But thirty-one-year-old 
men usually dont come down with acne. The 1nescapable conclusion was that he”d been reliving his 
adolescence with more nuclear experIments. Once again, chemnistry fooled David Hahn, who never 
realized that the periodic table 1s rife with deception. It was an awful reminder that even thouph the 
heavy elements along the bottom of the table arenˆt poIsonous 1n the conventional way, the way that 
elements 1n polsonerˆs corr1dor are, theyˆre devIous enoueh to ruin a lIfe. 


Take Two Elemenfs, Call Me In the Morning 
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The periodic table 1s a mercurlal thíng, and most elements are more complicated than the 
straightforward rogues of poIsoner ˆs corridor. Obscure elemenfs do obscure things 1nside the body—— 
often bad, but sometimes øood. An element foxIc 1n one cIrcumsfance can become a lifesaving drug 1n 
another, and elements that get metabolized 1n unexpected ways can provide new điagnosfic tools 1n 
doctorsˆ climcs. The 1nterplay of elements and drugs can even 1lluminate how life 1tself emerges Írom 
the unconscIous chemical slag ofthe periodic table. 

The reputatlons of a few elemental medicines extend back a surprisinply long time. Roman 
oficers supposedly enJoyed better health than their prunts because they took theIr meals on sIllver 
platters. And however useless hard currency was 1n the w1ld, most pioneer families 1n early America 
1nvesfed 1n at least one good silver coin, which spent 1ts Conestoøa wagon ride across the w1Ilderness 
hidden 1n a milk Jug—not for safekeeping, but to keep the milk from spoIling. The noted gentleman 
astronomer Tycho Brahe, who lost the bridge of his nose 1n a drunken sword duel 1n a dimly lít 
banquet haÏll In 1564, was even said to have ordered a replacement nose of silver. The metal was 
fashionable and, more 1mportant, curtailed Infectlons. The only drawback was that 1ts obvIousÌy 
metallic color forced Brahe to carry Jars of foundation with him, which he was always smoothing 
over his nasal prosthes1s. 

Curious archaeologIsfs later dug up Braheˆs body and found a green crust on the front of his skull 
——meanming Brahe had probably worn not a silver but a cheaper, liphter copper nose. Š (Or perhaps he 
swItched noses, like earrings, depending on the status of his company.) Either way, copper or sIlver, 
the story makes sense. Though both were long dismissed as folk remedies, modern sclence confirms 
that those elements have antiseptic powers. S1lver 1s too dear for everyday use, but copper ducts and 
tubing are standard In the guts of buildings now, as public safety measures. Copper ˆs career 1n publIic 
health began Just after America”s bicentenmial, in 1976, when a plague broke out In a hotel In 
Philadelphia. Never-before-seen bacteria crept 1nto the mo1ist ducts ofthe building”s air-conditioning 
system that July, proliferated, and coasted through the vents on a bed of cool aIr. Withim days, 
hundreds of people at the hotel came down with the “flu,” and thirty-four died. The hotel had rented 
out 1fs convention center that week to a veterans group, the American Legion, and though not every 
victim belonged, the bug became known as LegIlomnatresˆ disease. 

The laws pushed throuph 1n reacfion to the outbreak mandated cleaner aIr and water systems, and 
copper has proved the simplest, cheapest way to 1mprove Infrastructure. If certain bacteria, fungl, or 
algae Inch across something made of copper, they absorb copper atoms, which disrupt thelr 
metabolism (human cells are unaffected). The microbes choke and die affter a few hours. This effect— 
the oligodynamc, or “selfˆsterilizing,” efect—makes metals more sterile than wood or plastic and 
explains why we have brass doorknobs and metal railings 1n public places. It also explains why most 
of the well-handled coIins of the U.S. realm contain close to 90 percent copper or (like pennies) are 
copper-coated.* Copper tubing 1n air-conditioning ductfs cleans out the nasty bugs that fester Inside 
there, too. 





Similarly deadly to small wrigeling cells, 1f a bit more quackIsh, 1s vanadIum, element twenty- 
three, which also has a curious side effect in males: vanadium 1s the best spermicide ever devised. 
Most spermicides dissolve the fatty membrane that surrounds sperm cells, spilling their guts all over. 
Dnfortunately, all cells have fatty membranes, so spermicides often 1rritate the limng of the vagina 
and make women susceptible to yeast Infectlons. Not fun. VanadIium eschews any messy dissolving 
and simply cracks the crankshaft on the sperms tails. The tails then snap off, leaving the sperm 
whrrling like one-oared rowboats.Š 

Vanadium hasnt appeared on the market as a spermicide because——and this 1s a truism throughout 
medIcIne—knowling that an element or a drug has desirable effects In test tubes 1s much different from 
knowing how to harness those effects and create a safe medicIne that humans can consume. For all 1s 
potency, vanadIum 1s still a dubious element for the body to metabolize. Among other thinøs, 1t 
mysterIously raIses and lowers blood glucose levels. That's why, despIte 1ts mild toxIcify, vanadrum 
water from (as some sites claim) the vanadium-rich springs of Mt. FujI 1s sold online as a cure for 
diabetes. 

Other elements have made the transition Into effective medicInes, like the hitherto useless 
gadolinium, a potential cancer assassin. Gadolinium”s value sprIings from 1fs abundance of unparred 
electrons. Despite the w1llingness of electrons to bond with other atoms, w1thin the1r own atoms, they 
stay maximally far apart. Remember that electrons live 1n shells, and shells further break down 1nto 
bunks called orbitals, each of which can accommodate two electrons. CurIously, electrons fill 
orbifals like patrons find seats on a bus: each electron sifs by 1tself1n an orbital until another electron 
1S absolutely forced to double up.* When electrons do condescend to double up, they are pIicky. They 
always sIt next to somebody with the opposIte “spIn,” a property related to an electronˆs magnetic 
field. Linking electrons, spin, and magnets may seem werrd, but all spinning charged particles have 
permanent magnetic fields, like tiny earths. When an electron buddies up with another electron with a 
confrary spIn, theIr magnetic fields cancel out. 

Gadolinum, which sits 1n the middle of the rare earth row, has the maximum number of electrons 
siting by themselves. Having so many unpaired, noncanceling electrons allows gadolinum to be 
magnetized more strongly than any other element—a mice feature Íor magnetiCc resonance Imaging 
(MRI). MRI machines work by sliphtly magnetizing body tissue with powerful magnets and then 
flipping the magnets off. When the field releases, the tissue relaxes, reorienfs 1tself randomly, and 
becomes I1nvIsIble to a magnetic field. Highly magnetic bits like gadolinium take longer to relax, and 
the MRI machine pIcks up on that difference. So by affixing gadolinum to tumor-targeting agents—— 
chemicals that seek out and bind only to tumors——doctfors can pIck tumors out on an MRI scan more 
easily. Gadolinium basically cranks up the contrast between tumors and normal flesh, and depending 
on the machine, the tumor wIÏll either stand out like a white 1sland 1n a sea of prayIsh tissue or appear 
as an 1nky cloud 1n a bright white sky. 

Even better, gadolinum mipht do more than Just diagnose tumors. It mipht also provide doctors 
with a way to kIll those tumors with Intense radiation. GŒadolimum”s array of unpaired electrons 
allows 1t to absorb scads of neufrons, which normal body tissue camnot absorb well. Absorbing 
neutrons turns gadolimum radioactive, and when 1t goes nuclear, 1t shreds the tIssue around 1t. 
Normally, triggering a nano-nuke 1nside the body 1s bad, but 1f doctors can Iinduce tumors to absorb 
gadolinium, 1t's sort of an enemy of an enemy thing. As a bonus, gadolinium also 1nhibifs proteins that 
repaIr DNA, so the tumor cells cannot rebuild their tattered chromosomes. As anyone who has ever 
had cancer can attest, a focused gadolinium attack would be a tremendous Improvement over 
chemotherapy and normal cancer radiation, both of which kill cancer cells by scorching everything 


around them, too. Whereas those techniques are more like firebombs, gadolimum could someday 
allow oncologIsts to make surgical strIikes w1thout surgery.Š 

This 1s not to say that element sixfy-four 1s a wonder drug. Atoms have a way of drifting 1nside the 
body, and like any element the body doesnt use regularly, gadolimum has side effects. Ït causes 
kidney problems 1n some patients who camnot flush 1t out of their systems, and others report that 1t 
causes theIr muscles to stiffen up like early stages ofrIgor mortis and thetr skin to harden like a hide, 
makIng breathing difficult in some cases. From the looks of 1t, there°s a healthy Internet Industry of 
people claiming that gadolinrum (usually taken for an MRI) has ruined their health. 

As a matter of fact, the Internet 1s an Interesting place to scout out general claims for obscure 
medicInal elements. With virtually every element that”s not a toxIc metal (and even occasionally with 
those), you can find some alternative medicIne site selling 1t as a supplement.Š Probably not 
coInciderrfally, you ll also find personal-Injury firms on the Internet willing to sue somebody for 
exposure to nearly every elemert. So far, the health gurus seem to have spread their message farther 
and wider than the lawyers, and elemental medicines (e.g., the zInc In lozenges) confinue to ø7OW 
more popular, especilally those that have roots as folk remedIes. For a century, people gradually 
replaced folk remedies w1th prescription drugs, but declining confidence 1n Western medicIne has led 
some people to selfadmimrister “drugs”” suụch as silver once more. 

Again, there 1s an ostensible scIentific basIs for using sIlver, since 1t has the same self-ster1l1zIng 
effects as copper. The difference between silver and copper 1s that silver, 1F1ngested, colors the skIn 
blue. Permanerntly. And 1t's actually worse than that sounds. Calling silvered skin “blue” 1s easy 
shorthand. But there”s the fun electric blue 1n people”s Imaginatlons when they hear this, and then 
thereˆs the ghastly pray zomble-Smurf blue people actually turn. 

Thankfully, this condition, called argyria, 1snt fatal and causes no Internal damage. ÀA man In the 
early 1900s even made a living as “the Blue Man” 1n a freak show affer overdosing on sllver mtrate 
to cure his syphilis. (It didn't work.) In our own times, a survivalist and fierce Libertarian from 
Montana, the doughty and doughy Stan Jones, ran for the U.S. Senate 1n 2002 and 2006 despite beIng 
sfarflingly blue. To his credit, Jones had as much fun wIth himself as the media did. When asked what 
he told children and adults who pointed at him on the street, he deadpamned, “[I Just tell them [m 
practicing my Halloween costume.” 

Jones also gladly explained how he contracted argyria. HavIng his ear to the tin can about 
conspiracy theorles, Jones became obsessed 1n 1995 with the Y2K computer crash, and especially 
with the potential lack of antibiotics 1n the coming apocalypse. His Immune system, he decided, had 
better get ready. So he began to distill a heavy-metal moonshine 1n his backyard by dippiIng sllver 
wIres aftached to 9-volt batteries 1nto tubs of water——a method not even hard-core silver evangelists 
recommend, since electric currents that strong dissolve far too many silver 1ons 1n the bath. Jones 
drank his stash faithfully for four and a halfyears, right until Y2K fizzled out 1n January 2000. 

Despite that dud, and desplIte being gawked at during his serial Senate campaIgns, J]ones remaIns 
unrepertant. He certainly wasn't running for office to wake up the Food and Drug Admimstration, 
which 1n good libertarian fashion 1ntervenes w1th elemenftal cures only when they cause acute harm or 
make promises they cannot possIbly keep. A year after losing the 2002 election, Jones told a national 
magazIne, “Ïlts my fault that I overdosed [on silver|, but I stiII believe 1t's the best antibiotic 1n the 
world.... Ifthere were a blological attack on Amertca or 1f [ came down with any type of disease, d 
1mmediately take 1t again. BeIng alive 1s more 1mportant than turnng purple.” 


Stan Joness advice notwithstanding, the best modern medicines are not 1solated elements but 
complex compounds. Nevertheless, 1n the history of modern druøs, a few unexpected elements have 
played an outs1zed role. Thịs history largely concerns lesser-known heroIc scIenfisfs such as Gerhard 
Domagk, but 1t starts with Louis Pasteur and a peculiar discovery he made about a property of 
biomolecules called handedness, which gets at the very essence of lIving matfer. 

Odds are you re right-handed, but really you re not. You re left-handed. Every amnno acid 1n 
every protein In your body has a left-handed twIst to 1t. In fact, virtually every protein 1n every life 
form that has ever existed 1s exclusively lefi-handed. If astroblologists ever find a microbe on a 
meteor or moon of Jupiter, almost the first thing they”lÏ test 1s the handedness of 1ts profteIns. If the 
proteins are lefi-handed, the microbe 1s possIbly earthly contamination. If they re right-handed, 1t”s 
certainly alien Life. 

Pasteur noticed this handedness because he began his career studyIng modest fragments of life as a 
chemnst. In 1849, at age twenty-six, he was asked by a wInery to 1nvestIgate tartaric acid, a harmless 
wasfe product of wIne production. Grape seeds and yeast carcasses decompose 1nfo tartaric acid and 
collect as crystals 1n the dregs of wine kegs. Yeast-born tartaric acid also has a curlous prOoperty. 
DIssolve 1t in water and shine a vertical sÏlIt of light throuph the solution, and the beam wIll twIst 
clockwIse away from the vertical. Is like rotating a dial. Industrial, human-made tartaric acid does 
nothing like that. A vertical beam emerges true and upright. Pasteur wanted to figure out why. 

He determined that 1t had nothing to do with the chemnstry of the two types of tartaric acid. They 
behaved 1dentically 1n reactions, and the elemenfal composition of both was the same. Only when he 
examined the crystals with a magmifying glass did he notice any difference. The tartaric acid crystals 
from yeast all tw1sted 1n one direction, like tiny, severed left-handed fists. The Industrial tartaric acid 
twisted both ways, a mixture of left- and right-handed fists. Intrigued, Pasteur began the unimaginably 
tedIous Job of separating the salt-sized graIns Into a leffy pile and a righty pile with tweezers. He then 
dissolved each pile In water and tested more beams of lipht. Just as he suspected, the yeastlike 
crystals rotated light clockwIse, while the mirror-Imaøe crystals rotated light counterclockwIse, and 
exactly the same number of deprees. 

Pasteur mentioned these results to his mentor, Jean Baptiste Biot, who had first discovered that 
some compounds could tw1st lipht. The old man demanded that Pasteur show him——then nearly broke 
down, he was so deeply moved at the elegance of the experimert. In essence, Pasteur had shown that 
there are two Identical but mirror-Image types of tartaric acid. More Important, Pasteur later 
expanded this Idea to show that life has a strong bias for molecules of only one handedness, or 
“chirality.”* 

Pasteur later admitted he”d been a little lucky with this brilliant work. Tartaric acid, unlike most 
molecules, 1s easy to see as chiral. In addition, although no one could have anticipated a link between 
chirality and rotating lipht, Pasteur had Biot to guide him throuph the optical rotation experImerts. 
Most serendipitously, the weather cooperated. When preparing the man-made tartaric acid, Pasteur 
had cooled 1t on a windowsill. The acid separates 1nto left- and right-handed crystals only below 
79°F, and had 1t been warmer that season, he never would have discovered handedness. Still, Pasteur 
knew that luck explained Just part of his success. As he himself declared, “Chance favors only the 
prepared mind.” 

Pasteur was skilled enouph for this “luck” to persist throughout his life. Thouph not the first to do 
so, he performed an 1ngenious experIment on meat broth In sterile flasks and proved defimtively that 
aIr confains no “vitalizing element,” no spirit that can summon life from dead matter. LIfe 1s bulilt 
solely, If mysterlously, from the elements on the perlodic table. Pasteur also developed 


pasfeur1zafion, a process that heats milk to kilÏ 1nfectious diseases; and, most famously at the time, he 
saved a young boy”s life with his rabies vaccIne. For the latter deed, he became a national hero, and 
he parlayed that fame Into the clout he needed to open an eponymous 1nstiftufe outside Par1s to further 
his revolutionary øerm theory of dIsease. 

Not quite coinciderfally, 1t was at the Pasteur Institute 1n the 1930s that a few vengeful, vindictive 
scIenfisfs figured out how the first laboratory-made pharmaceuticals worked——and 1n doIng so hung 
vet another millstone around the neck of Pasteur ˆs intellectual descendant, the preat mcrobiologIst of 
his era, Gerhard Domaøk. 

In early December 1935, Domagk's dauphter Hildegard tripped down the staircase of the family 
home 1n Wuppertal, Germany, while holding a sewing needle. The needle punctured her hand, eyelet 
first, and snapped off Inside her. A doctor extracted the shard, but days later Hildepard was 
languishing, suffering from a hiph fever and a brutal streptococcal 1nfection all up and down her arm. 
As she øgrew worse, Domagk himself languished and suffered, because death was a friphtemnply 
common outcome for such Infections. Once the bacteria began multiplying, no known drug could 
check their greed. 

Except there was one drug—or, rather, one possible drug. It was really a red Industrial dye that 
Domagk had been quIetly testing In his lab. On December 20, 1932, he had Injected a litter of mice 
with ten times the lethal dose of streptococcal bacteria. He had done the same with another litter. 
He”d also Injected the second litter with that industrial dye, prontosil, mnety minutes later. On 
Christmas Eve, Domaøk, until that day an InsigmifIcant chemnst, stole back 1nto his lab to peek. Every 
mouse 1n the second Ïlitter was alive. Every mouse 1n the first had died. 

That wasn't the only fact confronting Domagk as he kept vIgil over Hildegard. Prontosil——a ringed 
orgamc molecule that, a litle unusually, contains a sulfur atom—had unpredictable properties. 
Germans at the time believed, a little oddly, that dyes killed germs by turnng the germs' vital organs 
the wrong color. But prontosil, though lethal to microbes 1nside mice, had no effect on bacter1a 1n test 
tubes. They swam around happrly 1n the red wash. No one knew why, and because of that 1Ignorance, 
numerous European doctors had attacked German “chemotherapy,” dismissing 1f as Infer1Ior fO Surgery 
1n treating 1nfection. Even Domagk didnˆt quite believe 1n his drug. Between the mouse experImernf In 
1932 and Hildegard”s accident, tentative climcal trials in humans had gone well, but with occasional 
serious side effects (not to mention that 1t caused people to flush bright red, like lobsters). Although 
he was willing to r1sk the possible deaths of patients 1n climcal trials for the preater good, riskIng hs 
daughter was another matfer. 

In this dilemma, Domagk found himself in the same situation that Pasteur had fiffy years before, 
when a young mother had broupht her son, so mangled by a rabid dog he could barely walk, to Pasteur 
1n France. Pasteur treated the boy with a rables vaccine tested only on animals, and the boy lived.* 
Pasteur wasn”t a licensed doctor, and he adminmistered the vaccine desptte the threat of criminal 
prosecution 1f 1t failed. If Domagk failed, he would have the additional burden of having killed a 
family member. Yet as Hildegard sank further, he likely could not rid his memory of the fwo cages Of 
mice that Christmas Eve, one teeming with busy rodents, the other still. When Hildegard”s doctor 
announced he would have to amputate her arm, Domaøgk laid aside his caution. Violating pretty mụch 
every research protocol you could draw up, he sneaked some doses ofthe experimental drug from hIs 
lab and began InJecting her with the blood-colored serum. 

At first Hildegard worsened. Her fever alternately spiked and crashed over the next couple of 
weeks. Suddenly, exactly three years after her fathers mouse experimert, Hildegard stabilized. She 
would live, w1th both arms Intact. 


Though euphoric, Domagk held back mentioning his clandestine experimert to his colleagues, so 
as not to bias the climcal trials. But his colleagues didnˆt need to hear about Hildegard to know that 
Domagk had found a blockbuster—the first genuIine antibacterial drug. Its hard to overstate what a 
revelation this drug was. The world in Domagkˆs day was modern In many ways. People had quick 
cross-continental transportation via trains and quick International communication via the telepraph; 
what they didnˆt have was mụch hope of surviving even common 1nfections. With prontosil, pÏagues 
that had ravaged human beiIngs since history began seemed conquerable and might even be eradicated. 
The only remaIning question was how prontosil worked. 

Not to break my authorial distance, but the following explanation must be chaperoned with an 
apoloøgy. Affer expounding on the utility of the octet rule, I hate telling you that there are exceptions 
and that prontosIl succeeds as a drug largely because 1t violates this rule. Specifically, 1f surrounded 
by stronger-willed elements, sulfur w1ll farm out alÏ six of 1ts outer-shell electrons and expand 1s 
octet Into a dozenet. In prontosil”s case, the sulfur shares one electron with a benzene ring of carbon 
atoms, one wIth a short mtrogen chain, and two each with two greedy oxygen atoms. That“s six bonds 
with twelve electrons, a lot to Jugele. And no element but sulfur could pull 1t of. Sulfur lies 1n the 
periodic table”s third row, so 1ˆs large enouph to take on more than eIght electrons and brrng all those 
1mportant parts together; yet 1t's only 1n the thrd row and therefore small enoueh to let everything fIt 
around 1t in the proper three-dimensional arraneemert. 

Domaøk, primarily a bacteriologIst, was 1gnorant of all that chemnstry, and he eventually decided 
to publish his results so other sclentists could help him figure out how prontosil works. But there 
were tricky business 1ssues to consider. The chemical cartel Domagk worked for, L  G. 
Farbemindustrie (IGF, the company that later manufactured Fritz Habers Zvklon B), already sold 
prontosil as a dye, but 1t filed for a patent extension on prontosil as a medicine Immediately after 
Clhristmas 1n 1932. And with climcal proof that the drug worked well in humans, IGEF was fervid 
about maintaining 1fs Infellectual property rights. When Domagk pushed to publish his results, the 
company forced him to hold back until the medicinal patent on prontosil came throuph, a delay that 
earned Domagk and IGE criticism, since people died while lawyers quibbled. Then IGEF made 
Domagk publish 1n an obscure, German-only periodical, to prevent other fIrms from finding out about 
pronfos1l. 

Despite the precaution, and despIte prontosil”s revolutIonary promnse, the drug flopped when 1t hit 
the market. Foreign doctors continued to harangue about 1t and many simply didnˆt believe 1t could 
work. Not unuil the drug saved the life of Franklin Delano Roosevelt Jr., who was struck by a severe 
strep throat In 1936, and earned a headline In the New Work Times dịd pronfosil and 1ts lone sulfur 
atom win any respect. Suddenly, Domagk mipht as well have been an alchemnst for all the money IGF 
stood to make, and any Ignorance about how prontosil worked seemecd trifling. Who cared when sales 
figures Jumped fivefold in 1936, then fivefold more the next year. 

Meanwhile, sclentists at the Pasteur Institute In France had dug up Domagk's obscure Journal 
article. In a froth that was equal parts anti-intellectual property (because they hated how pafents 
hindered basic research) and anti- Teuton (because they hated Germans), the Frenchmen 1mmediately 
set about busting the IGE patent. (Never underestimafe spIfe as a motIvator for øen1us.) 

Prontosil worked as well as advertised on bacterla, but the Pasteur sclentists notIced some odd 
things when they traced 1fs course through the body. FIrst, it wasnt prontosil that fought off bacteria, 
but a derIvative of 1t, sulfonamide, which mammal cells produce by splitting prontosil in two. Thịs 
explained I1nstantly why bacter1a 1n test tubes had not been affected: no mammal cells had biologtically 
“activated” the prontosil by cleaving 1t. Second, sulfonamide, with 1s central sulfur atom and hexapus 


Of side chaiIns, disrupts the production of folic acid, a nutrlent all cells use to replicate DNA and 
reproduce. Mammals get folic acid from their diets, which means sulfonamide doesn”t hobble their 
cells. But bacteria have to manufacture theIr own folic acid or they canˆt undergo mifos1s and spread. 
In effect, then, the Frenchmen proved that Domagk had discovered not a bacteria killer but bacteria 
birth control! 

This breakdown ofpronfosil was stunning news, and not Just medically stunning. The 1mportant bit 
Of pronfosil, sulfonamide, had been 1nvented years before. It had even been patented In 1909——by |. 
G. Farbenindustrie*——but had languished because the company had tested 1t only as a dyc. By the 
mid-I930s, the patent had expired. The Pasteur Institute sclentists published their results with 
undIsguised glee, øI1ving everyone 1n the world a license to circumvent the prontosil patent. Domagk 
and IGE of course protested that prontosil, not sulfonamide, was the cruclal componert. But as 
evidence accumulated agaInst them, they dropped their claims. The company lost mllions In product 
investmert, and probably hundreds of millions 1n profifs, as competitors swept In and synthesIized 
other “sulfa drugs.” 

Despite Domagk's professional frustration, his peers understood what he*d done, and they 
rewarded Pasteur”s heir with the 1939 Nobel Prize in Medicine or Physiology, Just seven years after 
the ChrIstmas mice experimert. But 1f anything, the Nobel made Domagk”s life worse. Hitler hated the 
Nobel commnttee for awarding the 1935 Peace Prize to an anti-NazI Journalist and pacifist, and Die 
Fuhrer had made 1t basically 1llegal for any German to win a Nobel Prize. As such, the Gestapo 
arrested and brutalized Domagk for his “crime.” When World War II broke out, Domagk redeemed 
himself a litle by convincIng the NazIs (they refused to believe at first) that his drugs could save 
soldiers suffering from gangrene. But the Allies had sulfa drugs by then, too, and 1t couldn”t have 
increased Domagk”s popularity when his drugs saved Winston Churchill in 1942, a man bent on 
destroying Germany. 

Perhaps even worse, the drug Domaøk had trusted to save his dauphfter 's life became a dangerous 
fad. People demanded sulfonamide for every sore throat and smffle and soon saw 1t as some sort of 
elixr. Their hopes became a nasfy Joke when quick-buck salesmen 1n the Umited States took 
advantage of this mamia by peddling sulfas sweetened with antifreeze. Hundreds died wIthin weeks—— 
further proof that when 1t comes to panaceas the credulity of human beings 1s boundless. 


Antibiotics were the culmination of Pasfeur ˆs discoverIes about germs. But not alÏ diseases are germ- 
based; many have roots 1n chemical or hormonal troubles. And modern medicine began to address 
that second class of diseases only after embracIng Pasteur 's other preat 1nsight Into biology, chiralIty. 
Not long after offering his opImion about chance and the prepared mind, Pasteur said something else 
that, 1ƒ not as pithy, stirs a deeper sense of wonder, because 1t gets at something truly mysterIous: 
what makes life live. After determining that life has a bias toward handedness on a deep level, 
Pasteur sugsgested that chirality was the sole “well-marked line of demarcation that at the present can 
be drawn between the chemistry of dead matter and the chemistry of living matter.”* If youˆve ever 
wondered what defines life, chemnically thereˆs your answer. 

Pasteurˆs statement guided biochemnstry for a century, during which doctors made I1ncredIble 
progress 1n understanding diseases. At the same time, the 1nsight implied that curing diseases, the real 
prIze, would require chiral hormones and chiral biochemicals——and scI1entists realized that Pasteur ˆs 
dictum, however perceptive and helpful, subtly highlighted their own 1gnorance. That 1s, In poIntIing 
out the gulf between the “dead” chemistry that sclenfists could do In the lab and the living cellular 


chemnstry that supported life, Pasteur simultaneously poInted out there was no easy way †O CrOSS 1t. 

That didn't stop people from trying. Some sclenfists obtained chiral chemicals by distilling 
essences and hormones from animals, but in the end that proved too arduous. (In the 1920s, two 
Chicago chemnists had to puree several thousand pounds of bull testicles from a stockyard to get a few 
ounces of the first pure testosterone.) The other possible approach was to 1gnore Pasteur ˆs distinction 
and manufacture both ripht-handed and left-handed versions of biochemicals. This was actually fairly 
easy to do because, sfatistically, reactions that produce handed molecules are equally likely to form 
riphties and lefties. The problem with this approach 1s that mirror-Image molecules have different 
propertles Inside the body. The zesty odor of lemons and oranges derives from the same basIc 
molecules, one ripht-handed and one left-handed. Wrong-handed molecules can even destroy lefi- 
handed biology. A German drug company 1n the I950s began marketing a remedy for morning 
sickness 1n pregnant women, but the benign, curative form of the active I1neredient was mixed 1n with 
the wrong-handed form because the scIentists couldn”t separate them. The freakish birth defects that 
followed——especrally children born without leøs or arms, their hands and feet stitched like turtle 
fllppers to their trunks—made thalidomide the most notorlous pharmaceutical of the twentieth 
cenfury.Š 

As the thalidomide disaster unfolded, the prospects of chiral drugs seemed dimmer than ever. But 
at the same time people were publicly mourming thalidomide bables, a St. Louis chemist named 
William Knowles began playing around with an unlikely elemental hero, rhodIum, In a prIvate 
research lab at Monsanfo, an agricultural company. Knowles quietly circumvented Pasteur and 
proved that “dead” matter, 1ƒ you were clever about 1t, could indeed 1nvIgorate lIving matter. 

Knowles had a flat, two-dimensional molecule he wanted to Inflate Into three dimensions, because 
the left-handed version of the 3D molecule had shown promising effects on brain diseases such as 
Parkinson'ˆs. The stIcking point was getting the proper handedness. Notice that 2D obJects camnot be 
chiral: after all, a flat cardboard cutout of your right hand can be flipped over to make a left hand. 
Handedness emerges only with the z-axIs. But Iinanimate chemicals 1n a reaction donˆt know to make 
one hand or the other.Š They make both, unless theyˆre tricked. 

Knowles”s trick was a rhodium catalyst. Catalysts speed up chemical reactions to degrees that are 
hard to comprehend 1n our poky, everyday human world. Some catalysts Improve reaction rates by 
millions, billlons, or even trillions oftimes. Rhodium works pretty fast, and Knowles found that one 
rhodIum atom could 1nflate Innumerably many of his 2D molecules. So he affixed the rhodIum to the 
center ofan already chiral compound, creating a chiral catalyst. 

The clever part was that both the chiral catalyst with the rhodIium atom and the target 2D molecule 
were sprawling and bulky. So when they approached each other to react, they did so like two obese 
animals trying to have sex. That 1s, the chiral compound could poke 1ts rhodium atom 1nto the 2D 
molecule onÏy from one position. And from that position, with arms and belly flab 1n the way, the 2D 
molecule could unfold Iinto a 3D molecule 1n onÏy one dimens1on. 

That limted maneuverability during cottus, coupled with rhodlum's catalytic ability to fast- 
forward reactlons, meant that Knowles could get away with doing only a bit of the hard work— 
making a chiral rhodium catalyst—and still reap bushels of correctly handed molecules. 

The year was 1968, and modern drug synthesis began at that moment—a momernt later honored 
with a Nobel Prize In Chemnstry for Knowles 1n 2001. 

Incidenfally, the drug that rhodIum churned out for Knowles 1s levo-dihydroxyphenylalanmine, or L- 
dopa, a compound since made famous 1n Oliver Sacks”s book 4wakenings. The book documents how 
L-dopa shook awake eIphty patients whoˆd developed extreme ParkIinson”s disease affer contracting 


sleepIng sickness (⁄mcephalifis lethargica) 1n the 1920s. AII eiphty were Instituttonalized, and many 
had spent four decades 1n a neurologIcal haze, a few 1n continuous cafatonmia. Sacks descrIbes them as 
“otally lacking energy, Impetus, Imiflafive, motive, appetite, affect, or desire... as Insubstantial as 
ghosts, and as passIve as zombles... extInct volcanoes. ” 

In 1967, a doctor had had great success 1n treating Parkinson”s patients with L-dopa, a precursor 
of the brain chemical dopamnne. (Like Domagk”s prontosil, L-dopa must be biologically activated 1n 
the body.) But the righf- and left-handed forms of the molecule were knotty to separate, and the drug 
cost upwards of $5,000 per pound. Miraculously—thouegh without being aware why—Sacks notes 
that “towards the end of 1968 the cost of L-dopa started a sharp decline.” Freed by Knowles”s 
breakthrouph, Sacks began treating his catatomc patients in New York not long after, and “1n the 
spring of 1969, In a way... which no one could have 1magined or foreseen, these “extinct volcanoes 
erupfcd 1nto life.” 

The volcano metaphor 1s accurafe, as the effects of the drug werenˆt wholly bemign. Some people 
became hyperkInetic, with racIng thouphfs, and others began to hallucinate or gnaw on things like 
animals. But these forgotten people almost unformly preferred the mamia of L-dopa to their former 
listlessness. Sacks recalls that their families and the hospital staff had long considered them 
“effectively dead,” and even some of the victims considered themselves so. Only the left-handed 
version of Knowles's drug revived them. Once agaIn, Pasteur's dictum about the life-gIving 
properties of proper-handed chemicals proved true. 


Ho Flemenfs Deceive 
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NÑo one could have guessed that an anonymous gray metal like rhodium could produce anything as 
wondrous as L-dopa. But even after hundreds of years of chemistry, elemenfs continually surprIse us, 
1n ways both benign and not. Elements can muddle up our unconsc1ous, automatIc breathing; confound 
OUT COINSCIOUS Senses; even, as with Iodine, betray our highest human faculties. True, chemists have a 
good grasp of many features of elemernts, such as their melting poiInts or abundance 1n the earth”s 
crust, and the eight-pound, 2,804-page Handbook oƒ Chemistry and Physics—the chemnstsˆ Koran— 
lists every phystcal property ofevery element to far more decImal places than you”d ever need. Ôn an 
atomic level, elements behave predictably. Yet when they encounter all the chaos of biology, they 
continue to baffle us. Even blasé, everyday elemenfs, 1ƒ encountered 1n umnatural cIrcumstances, can 
SprIng a few mean SUrpT1ses. 

Ơn March 19, 1961, five techniclans undid a panel on a simulation spacecraft at NASA”s Cape 
Canaveral headquarters and entered a cramped rear chamber above the engine. AÁ thirty-three-hour 
“day” had Just ended with a perfectly simulated lifof, and with the space shuttle Cofzznmbia——the 
most advanced space shuttle ever designed——set to launch on 1fs first mission In April, the agency had 
understandable confidence. The hard part of their day over, the techniclans, satisfied and tired, 
crawled Into the compartment for a routine systems check. Seconds later, eerily peacefully, they 
slumped over. 

ntil that moment, NASA had lost no lives on the øround or 1n space since 1967, when three 
astronauts had burned to death during trainng for 4p?o//o T. At the time, NASA, always concerned 
about cutting payload, allowed only pure oxygen fo circulate In spacecraffs, not atr, which confains 
S0 percent mfrogen (I.e., S0 percent deadweipht). Unfortunately, as NASA recogmized 1n a 1966 
techmcal report, “1n pure oxygen [flames] wIll burn faster and hotfter without the diluion of 
atmospheric nitrogen to absorb some of the heat or otherwlIse 1nterfere.” As soon as the atoms 1n 
oxygen molecules (O›) absorb heat, they dissocIate and raIse hell by stealing electrons from nearby 





atoms, a spree that makes fires burn hotter. Oxygen doesnt need much provocation either. Some 
engineers worried that even static electricity from the Velcro on astronautsˆ suifts miehft Igmite pure, 
VIPOrous oxygen. Nevertheless, the report concluded that although “irnert gas has been considered as a 
means of suppressing flammability... Inert additives are not only unnecessary but also 1ncreasinply 
complicated.” 

Now, that conclusion mipht be true 1n space, where atmospheric pressure 1s nonexistent and Just a 
lifle Interior gas wIll keep a spacecraft from collapsing Iinward. But when training on the øround, In 
earth's heavy aIr, NASA techmiclans had to pump the simulators with far more oxygen to keep the 
walls from crumpling——which meant far more danger, since even small fires combust w1ldly 1n pure 
oxygen. When an unexplained spark went offone day during traIning 1n 1967, fire engulfed the module 
and cremated the three astronauts 1ns1de. 

A disaster has a way of clarlfying things, and NASA decided Inert gases were necessary, 
complicated or not, In all shuttles and simulators thereafter. By the 19S1 Coizmbia mission, they 


filled any compartment prone to produce sparks with Inert mfrogen (N;). Electronics and motors 


work Just as well 1n mfrogen, and I1f sparks do shoot up, mfrogen—which 1s locked Into molecular 
form more tiphtly than oxygeen—wIll smother them. WOorkers who enter an Inert compartmernt simply 
have to wear gas masks or walIt until the mfrogen 1s pumpcd out and breathable air seeps back In—a 
precaution not taken on March 19. Someone gave the all clear too soon, the techmicians crawled 1nto 
the chamber unaware, and they collapsed as 1f choreographed. The mtrogen not only prevented theIr 
neurons and heart cells from absorbing new oxygen; 1t pickpocketed the litfle oxygen cells store up 
for hard times, accelerating the techmclans" demise. Rescue workers dragged all five men out but 
could revive only three. John BJornstad was dead, and Forrest Cole đied in a coma on April Fools” 
Day. 

In fairness to NASA, In the past few decades mitrogen has asphyxIated miners 1n caves and people 
working In underground particle accelerators,” foo, and always under the same horror-movie 
cIrcumstances. The first person to walk 1n collapses w1thin seconds for no apparent reason. A second 
and sometimes third person dash 1n and succumb as well. The scarlest part 1s that no one struggples 
before dving. Pamic never kicks 1n, despite the lack of oxygen. That might seem IncredIble 1f you”ve 
ever been trapped underwater. The Instinct not to suffocate w1ll buck you to the surface. But our 
hearts, lunøs, and brains actually have no gøauge for detecting oxygen. Those organs Jjudøe only two 
thngs: whether we re Inhaling some gas, any gas, and whether we re exhaling carbon dioxide. 
Carbon đioxide dissolves In blood to form carbomc acid, so as long as we purge CO›s with each 


breath and tamp down the acid, our brains wIll relax. IUs an evolutionary kludge, really. It would 
make more sense to monitor oxygen levels, since that's what we crave. It*s easier——and usually øgood 
enough-—for cells to check that carbomic ac1d 1s close to zero, so they do the minimum. 

Nitrogen thwarts that system. If's odorless and colorless and causes no acid buildup 1n our veIns. 
\W© breathe 1t in and out easIly, so our lungs feel relaxed, and 1t snagøs no menfal trip wlIres. It “kills 
with kindness,” strolling through the bodyˆs security system with a familtar nod. (Its Iromc that the 
traditional øroup name for the elements In mtrogen's column, the “pnIctogens,” comes from a Greek 
word for “chokIng” or “strangling.”) The NASA workers—the first casualties of the doomed space 
shuttle Cofzzmbia, which would disinteprate over Texas twenty-two years later—likely felt lipht- 
headed and sluggish In theIr mtrogen haze. But anyone mipht feel that way after thirty-three hours of 
work, and because they could exhale carbon dioxide Just fine, little more happened mentally before 
they blacked out and mtrogen shut down theIr bra1ns. 


Because 1t has to combat microbes and other living creatures, the body”s Immune system 1s more 
biologically sophisticated than 1ts respiratory system. That doesnˆt mean 1t's savvier about avoIding 
deception. At least, though, with some of the chemnical ruses agaInst the Immune system, the periodIc 
table deceIves the body for 1ts own good. 

In 1952, Swedish doctor Per-Ingvar Brảänemark was studyIng how bone marrow produces new 
blood cells. Having a strong stomach, Bränemark wanted to watch this directly, so he chiseled out 
holes 1n the femurs of rabbits and covered the holes with an eggshell-thin titanum “wIndow,” which 
was transparent to strong lipht. The observation went satisfactorily, and Brảänemark decided to snap 
off the expensIve titanum screens for more experImerts. To his annoyance, they wouldnˆt budge. He 
gave up on those windows (and the poor rabbits), but when the same thing happened 1n later 
experIments——the tItanum always locked like a vise onto the femur——he examnined the situation a little 
closer. What he saw made watching Juvemile blood cells suddenly seem vastly less 1nteresting and 


revolutiomized the sleepy field of prosthetics. 

Since ancIent times, doctors had replaced missing limbs with clumsy wooden appendages and peg 
legs. During and after the Industrial revolution, metal prostheses became common, and disfigured 
soldiers after World War I sometimes even got detachable tin faces——masks that allowed the soldiers 
to pass through crowds without drawing stares. But no one was able to Inteprate mefal or wood 1nto 
the body, the Ideal solution. The 1mmune system reJected all such attempts, whether made of gold, 
zinc, magnesium, or chromrum-coated pIg bladders. As a blood guy, Brảnemark knew why. Normally, 
posses of blood cells surround foreign matter and wrap 1t In a straItJacket of slick, fibrous collagen. 
This mechanism—sealing the hunk off and preventing 1t from leaking—works great with, say, 
buckshot from a hunting accident. But cells aren't smart enouph to distinguish between 1nvasIve 
foreign matter and useful forelgn matter, and a few months after Implantation, any new appendages 
would be covered 1n collagen and start to slip or snap free. 

Since this happened even with metals the body metabolizes, such as 1ron, and since the body 
doesn't need titanium even 1n trace amounfs, titantum seemed an unlikely candidate for being accepted 
by the Immune system. Yet Brảnemark found that for some reason, titanum hypnotizes blood cells: 1t 
trIgøers Zero Immune response and even cons the body”s osteoblasts, 1ts bone-forming cells, Into 
attaching themselves fo 1t as 1f there was no difference between element twenty-two and actual bone. 
Titanmum can fully 1ntepratfe 1tself into the body, deceiving 1t for 1fs own good. Since 1952, 1ts been 
the standard for Implanted teeth, screw-on fingers, and replaceable sockets, like the hịp socket my 
mother received In the early 1990s. 

Due to cosmically bad luck, arthritis had cleaned out the cartilape 1n my mother 's hip at a young 
age, leaving bone grInding on bone like a Jagged mortar and pestle. She got a full hip replacemert at 
aøe thirty-five, which meant having a titanium spIke with a balÏ on the end hammercd like a railroad 
tie Into her sawed-off femur and the socket screwed Into her pelvis. A few months later, she was 
walking paIn-free for the first time In years, and I happrly told people she”d had the same surgery as 
Bo Jackson. 

Unfortunately, partly because of her unwillingness to take 1t easy around her kindergartners, my 
mother ˆs first hip failed within nine vears. The pain and Inflammation returned, and another team of 
sureeons had to cut her open again. lt turned out that the plastic componert 1nside the fake hip socket 
had begun to flake, and her body had dutifully attacked the plastic shards and the tIssue around them, 
covering them with collagen. But the titanum socket anchored to her pelvis hadn't failed and In fact 
had to be snapped offto fit the new tifanum pIece. As a memenfo ofher being the1r youngest two-tIime 
hip replacemert patient ever, the surgeons at the Mayo ClHimc presented my mother with the original 
socket. She still has 1t at home, 1n a mamila envelope. It”s the s1ze ofa tenmis ball cut in half, and even 
today, a decade later, bits of white bone coral are unshakably cemented to the dark pray titamum 
Ssurface. 


Still yet more advanced than our unconscIous Immune system 1s Our sensory equIipment—our touch 
and taste and smell—the bridges between our phystical bodies and our I1ncorporate minds. But 1t 
should be obvious by now that new levels of sophistication Introduce new and unexpected 
vulnerabilities Into any living system. And 1t turns out that the heroic deception of titanium 1s an 
exception. W trust our senses for true Information about the world and for protection from danger, 
and learning how gullible our senses really are 1s humbling and a little frightening. 

Alarm receptors Inside your mouth wIll tell you to drop a spoonful of soup before 1t burns your 


tongue, but, oddly, chi]! peppers 1n salsa contain a chemical, capsaIcin, that 1rritates those receptors, 
too. Peppermint cools your mouth because minty methanol se1zes up cold receptors, leaving you 
shivering as 1f an arctic blast Just blew through. Elemenfs pull simlar tricks with smell and taste. If 
someone spIlls the timest bit of tellurIum on himself, he w1IÏlÏ reek like pungent garlic for weeks, and 
people wIll know he”s been 1n a room for hours afterward. Even more baffling, beryllium, element 
four, tastes like sugar. More than any other nutrient, humans need quick energy from sugar to live, and 
after millenma of hunting for sustenance 1n the wild, you d thínk weˆd have pretfty sophisticated 
equIpmert to detect sugar. Yet berylltun—a pale, hard-to-melt, insoluble metal with small atoms that 
look nothing like ringed sugar molecules——liphts up taste buds 1ust the same. 

This disguise mipht be merely amusing, except that beryllium, though sweet In minute doses, 
scales up very quickly to toxic.Š By some estimates, up to one-tenth of the human population 1s 
hypersusceptible to something called acute beryllium disease, the perlodic table equivalent of a 
peamut allergy. Even for the rest of us, exposure to beryllium powder can scar the lungs with the same 
chemical pneumomtis that inhaling fine silica causes, as one of the great scIentists of all time, Enrico 
Ferm, found out. When young, the cocksure Fermi used berylllum powder In experiments on 
radioactive uramum. Beryllium was excellent for those experiments because, when mixed with 
radIoactive matfter, 1t slows emifted particles down. And 1nstead of letting particles escape uselessÌy 
1nto the air, berylltum spIkes them back Into the uramum lattice to knock more particles loose. In his 
later years, afler moving from Italy to the Umited States, Fermi ørew so bold with these reactions that 
he started the first-ever nuclear chain reaction, 1n a University of Chicago squash court. (Thankfully, 
he was adept enouph to stop 1t, too.) But while Fermi tamed nuclear power, simple beryllium was 
doing him1n. Heˆd Inadvertently Inhaled too mụch of this chemistsˆ confectioner ˆs powder as a young 
man, and he succumbed to pneumomtis at age fiffy-three, tethered to an oxygen tank, his lungs 
shredded. 

Beryllium can lull people who should know better 1n part because humans have such a screwy 
sense of taste. Now, some of the five types of taste buds are admiftedly reliable. The taste buds for 
bitter scour food, especIally planfs, for poIsonous mfrogen chemicals, like the cyanmide In apple seeds. 
The taste buds for savory, or umamn, lock onto glutamate, the G in MSG. As an amnno acid, sÌutamate 
helps build proteins, so these taste buds alert you to protein-rich foods. But the taste buds for sweet 
and sour are easy to fleece. Beryllium tricks them, as does a special protein 1n the berrles of some 
specles of plants. Aptly named mriraculin, this protein strips out the unpleasant sourness 1n foods 
without altering the overtones of their taste, so that apple cider vinegar tastes like apple clder, or 
Tabasco sauce like marinara. Miraculin does this both by muting the taste buds for sour and by 
bonding to the taste buds for sweet and putting them on haIr-trigger alert for the stray hydrogen 1ons 
(H”) that acids produce. Along those same lines, people who accidentally inhale hydrochloric or 
sulfuric acid often recall theiIr teeth aching as 1f they”d been force-fed raw, extremely sour lemon 
slices. But as Gilbert LewIs proved, acIds are 1ntimately bound up with electrons and other charges. 
On a molecular level, then, “sour” 1s simply what we taste when our taste buds open up and hydrogen 
1ons rush In. Our tongues conflate electricity, the flow of charged particles, with sour acids. 
Alessandro Vblta, an Italian count and the Inspiration for the eponym “volt,” demonstrated this back 
around 1800 with a clever experimernt. Volta had a number of volunteers form a chain and each pIinch 
the tongue of one neiphbor. The two end people then put thetr fingers on battery leads. Instantly, up 
and down the line, people tasted each otherˆs fingers as sour. 

The taste buds for salty also are affected by the flow of charges, but only the charges on certain 
elements. Sodium trigøers the salty reflex on our tongues most stronply, but potassium, sodIum's 


chemical cousin, free rides on top and tastes salty, too. Both elements exIst as charged 1ons In nature, 
and 1ts mostly that charge, not the sodium or pofassium per se, that the tongue detects. We evolved 
this taste because poftassium and sodium 1ons help nerve cells send signals and muscles contract, so 
we'd literally be brain-dead and our hearts would stop without the charge they supply. Qur tongues 
taste other physiologIcally Important Ions such as magnesium and calcIumš as vaguely salty, too. 

Of course, taste beIng so complicated, saltiness 1sn”t as tidy as that last parapgraph 1mplies. We 
also taste physiologically useless 1ons that mimic sodium and potassium as salty (e.g., lithium and 
ammonium). And depending on what sodIum and pofassium are paired with, even they can taste sweet 
Or sour. Sometimes, as w1th pofassium chloride, the same molecules taste bitter at low concentrations 
but metamorphose, Wonka-like, 1nto salt licks at hịph concentrations. Potassium can also shut the 
tongue down. ChewIng raw pofassium gymnemate, a chemical 1n the leaves of the plant Gynnema 
sylvesfre, w1lÏ neuter miraculin, the miracle protein that turns sour Into sweet. In fact, affer chewing 
pofassium øymnemate, the cocaine-like rush the tongue and heart usually get from gÏucose or sucrose 
or Íructose reportedly fizzles out: piles ofraw sugar heaped on the tongue taste like so mụuch sand.* 

AIlI of this supggests that taste 1s a friphteninply bad guide to surveying the elements. Why common 
pofassium deceIves us 1s sfrange, but perhaps being overeager and over-rewarding our braIns 
pleasure cenfers are øood strategles for nutrients. As for beryllium, 1t deceives us probably because 
no human beIng ever encountered pure beryllium until a chemnst 1solated 1t in Paris affter the French 
Revolution, so we didn”t have time to evolve a healthy distaste for 1t. The poInt 1s that, at least 
partially, we re products of our environmert, and however good our brains are at parsing chemnical 
1nformation 1n a lab or designing chemnstry experImernfs, our senses w1ll draw their own conclusIons 
and find garlic In tellurIum and powdered sugar 1n beryllium. 

Taste remains one of our primal pleasures, and we should marvel at 1ts complexity. The prImary 
comporert of taste, smell, 1s the only sense that bypasses our logical neural processing and connects 
directly to the braIn°s emotional centers. And as a combination of senses, touch and smell, taste digs 
deeper Into our emoftlonal reservoIrs than our other senses do alone. We kIss with our tongues for a 
reason. It”s Just that when 1t comes to the perliodic table, 1tˆs best to keep our mouths shut. 


A live body 1s so complicated, so butterfly-flaps-Its-wings-In-BrazIl chaotic, that 1Ý you InJect a 
random element I1nto your bloodstream or liver or pancreas, there's almost no telling what wIll 
happen. Not even the mind or brain 1s Immune. The highest facultles of human beings—our logIc, 
wIsdom, and Judgment—are Just as vulnerable to deceptlon w1th elements such as 1odIne. 

Perhaps this shouldnˆt be a surprise, since 1odine has deception buIÏt 1nto 1ts chemical structure. 
Elemerts tend to get Increasingly heavy across rows from left to ripht, and Dmitri Mendeleev decreed 
1n the 1§60s that Increasing atomic weight drives the table”s periodicity, making Increasing atomic 
weipht a umversal law of matter. The problem 1s that umversal laws of nafure camnot have 
exceptions, and Mendeleevˆs craw knew of a particularly intractable exception 1n the bottom right- 
hand corner of the table. For tellurium and 1odine to line up beneath similar elemerts, tellurrium, 
elemernt fifty-two, must fall to the left of Iodine, elemert fifty-three. But tellurium outwetphs 1odine, 
and 1t kept stubbornly outweigphing 1t no matter how many times Mendeleev fumed at chemists that 
their weighing equIipment must be deceiving them. Facts 1s facts. 

Nowadays this reversal seems a harmless chemical ruse, a humbling Joke on Mendeleev. 
ScIentists know of four palr reversals among the mnety-two natural elements today—argon- 
pofassium, cobalt-mckel, 1odine-tellurium, and thorium-protactinum—as welÏ as a few among the 





ultraheavy, man-made elements. But a century after Mendeleev, 1odine got cauglht up 1n a larger, more 
I1nsidious deception, like a three-card monte hustler mixed up 1n a Mafia hit. You see, a rumor perSISfS 
to this day among the billion people 1n India that Mahatma Gandhi, that sage of peace, absolutely 
hated 1odine. Gandhi probably detested uranium and plutonium, too, for the bombs they enabled, but 
according to modern disciples of Gandhi who warnt to approprlate his powerful legend, he reserved a 
special locus ofhatred 1n his heart for element fifty-three. 

In 1930, Gandhi led the Indian people 1n the famous Salt March to Dandl, to protest the oppress1ve 
British salt tax. Salt was one of the few commodities an endemically poor country such as India could 
produce on 1fs own. People Just gathered seawater, let 1t evaporate, and sold the dry salt on the street 
from burlap sacks. The British government”s taxing of salt production at §.2 percent was tantamount 
in preed and ridiculousness to charging bedouins for scooping sand or Eskimos for making Ice. To 
protest this, Gandhi and seventy-eight followers left for a 240-mile march on March 12. They picked 
up more and more people at each village, and by the time the swelling ranks arrived 1n the coastal 
town of DandI on April 6, they formed a train two miles long. Gandhi gathered the throng around him 
for a rally, and at 1s climax he scooped up a handful of saline-rich mud and cried, “With this salt I am 
shaking the foundation of the [British| Empire!” It was the subcontinents Boston Tea Party. Gandhi 
encouraged everyone to make Illegal, untaxed salt, and by the time India gained Independence 
severfeen years later, so-called common salt was Indeed common 1n India. 

The only problem was that common salt contains liffle 1odine, an Iingredient crucial to health. By 
the carly 1900s, Western countries had figured out that adding Iodine to the diet 1s the cheapest and 
most effective health measure a øgovernmert can take to prevent birth defects and mertal retardation. 
Starting w1th Swttzerland 1n 1922, many countries made 1odized salt mandatory, since salt 1s a cheap, 
easy way to deliver the elemert, and Indian doctors realized that, with India's 1odine-depleted soil 
and catastrophically high birthrate, they could save millions of children from crippling deformities by 
1od1zIng theIr salt, too. 

But even decades after Gandhi's march to Dandli, salt production was an Industry by the people, 
for the people, and 1odized salt, which the West pushed on India, retained a whiff of colomialism. As 
the health benefits becarme clearer and India modernized, bans on non-I1odized salt dịd spread among 
Indian state øovernmerfs between the 1950s and 1990s, but not wIthout dissent. In 1998, when the 
Indian federal government forced three holdout states to ban common salt, there was a backlash. 
Momrand-pop salt makers protested the added processing cosfs. Hindu natlonalists and Gandhians 
fulminated agaInst encroaching Western sclence. Some hypochondrlacs even worried, without any 
foundation, that 1odized salt would spread cancer, diabetes, tuberculosis, and, weirdly, 
“peevIshness.” These opponents worked frantically, and Just two years later—wlith the Umited 
Nations and every doctor 1n India gapIng 1n horror—the prime minister repealed the federal ban on 
common salt. This techmcally made common salt legal 1n only three states, but the move was 
I1nterpreted as de facto approval. lodized salt consumption pÏlummeted 13 percent nationwide. Birth 
defects climbed 1n tandem. 

Luckily, the repeal lasted only until 2005, when a new prIime minister again banned common salt. 
But this hardly solves India”s 1odine problem. Resentment 1n Gandhi's name still makes people 
seethe. The Umted Nations, hoping to 1nculcate a love of1odine 1n a generation with less of a tie fo 
Gandhi, has encouraged children to smugele salt from theIr home kitchens to school. There, they and 
their teachers play chemnstry lab by testing for Iodine deficlencles. But 1ts been a losing battle. 
Although 1t would cost India Just a pemny per person per year to produce enouph 1odized salt for 1s 
cItizens, the cosfs of transporting salt are hiph, and half the country—half a billion people—camnot 


currenfly get Iodized salt regularly. The consequences are ørim, even beyond birth defects. A lack of 
trace I1odine causes øoIter, an uegly swelling of the thyroid gland 1n the neck. Ifthe deficlency persIsfs, 
the thyroid gland shrivels up. Since the thyroid regulates the production and release of hormones, 
including brain hormones, the body camnot run smoothly wIthout 1t. People can quickly lose mental 
faculties and even regress to merfal retardation. 

English philosopher Bertrand Russell, another prominent twentieth-century pacIfist, once used 
those medicinal facts about I1odine to build a case agaInst the exIstence of Iimmortal souls. ““Phe 
energy used 1n thinking seems to have a chemical origin..., ` he wrote. “For 1nstance, a deficlency of 
1odine wIÏll turn a clever man Into an 1diot. Mental phenomena seem to be bound up w1th material 
strucfure.” In other words, Iodine made Russell realize that reason and emotions and memor1es 
depend on material conditions 1n the brain. He saw no way to separate the “soul”” from the body, and 
concluded that the rích mental life of human beings, the source of all their glory and much of theIr 
woe, 1s chemistry through and throuph. We re the periodic table all the way down. 








Political FElem enfs 





The human mind and braIn are the most complex structures known to exist. They burden humans with 
strong, complicated, and offten contradictory desires, and even something as austere and scIentifically 
pure as the pertiodic table reflects those desires. Fallible human beIngs constructed the periodic table, 
afer all. Even more than that, the table 1s where the conceptual meets the ørubby, where our 
asp1rations to know the universe—humankind”s noblest faculties—have to 1nteract with the material 
matter that makes up our world—the stuff of our vices and limtations. The periodic table embodies 
our frustrations and fallures In every human field: economics, psycholoøy, the arts, and——as the 
legacy of Gandhi and the trials of iodine prove——politics. No less than a sclentific, there”s a social 
history of the elemenfs. 

That history can best be traced through Europe, sfarting 1n a country that was as mụuch ofa pawn 
for colomial powers as Gandhiˆs India. Like a cheap theater set, Poland has been called a “country on 
wheels” for all 1ts exIts and entrances on the world stage. The empiIres surrounding Poland——RussIa, 
Austria, Hungary, Prussia, Germany—have long held war scrimmages on this flat, undefended turf 
and have taken turns carving up “God”s playground” politically. If you randomly select a map from 
any year 1n the past five centuries, the odds are good that Polska (Poland) w1ll be missing. 

Fittingly, Poland dịd not exist when one of the most 1llustrilous Poles ever, Marie Sklodowska, 
was born In Warsaw In 1867, Just as Mendeleev was constructing his great tables. Russia had 
swallowed Warsaw up four years earlier after a doomed (as most Polish ones were) revolt for 
independence. TsarIst Russia had backward views on educating women, so the girl”s father tutored 
her himself. She showed aptitude 1n science as an adolescent, but also Joined bristly politIcal groups 
and agitated for Iindependence. After demonstrating too offten agaiInst the wrong people, Sklodowska 
found 1t prudert to move to Poland”s other great cultural center, Krakow (which at the time, s¡øÙ, was 
Ausfrian). Even there, she could not obtain the scIence training she coveted. She finally moved to the 
Sorbomee In faraway Paris. She planned to return to her homeland after she earned a Ph.D., but upon 
falling 1n love with Plerre Curie, she stayed 1n France. 

In the 1890s, Marie and Plerre Curie began perhaps the most fruiful collaboration 1n sclence 
history. Radioactivity was the brilliant new field of the day, and Marle”s work on uramum, the 
heaviest natural element, provided a cruc1al early 1nsipht: 1ts chemistry was separate from 1fs physIcs. 
Atom for atom, pure uranrum emifted Just as many radIoactive rays as uranrum In minerals because the 
electron bonds between a uranium atom and the atoms surrounding 1t (1ts chemistry) did not affect 1Í 
or when 1ts nucleus went radioactive (1ts physics). Sclentisfs no longer had to examine millions of 
chemicals and tedIlously measure the radioactivifty of each (as they must do to figure out melting 
poInfs, for 1nstance). They needed to study only the mnety-some elemerfs on the periodic table. Thịs 
vastly simplified the field, clearing away the distracting cobwebs and revealing the wooden beam 
holding up the edifice. The Curies shared the 1903 Nobel Prize in Physics for making this discovery. 

During this time, life 1n Paris satisfied Marle, and she had a dauphter, lrène, In 1897. But she 
never stopped viewing herself as Polish. Indeed, Curie was an early example of a specles whose 





population exploded during the twentieth century—the refugee sclentist. Like any human actfIVIty, 
sclence has always been filled with politlcs——wtth backbiting, Jealousy, and petty gambits. Any look 
at the poliflcs of scIence wouldn”t be complete wIthout examples of those. But the twentieth century 
provides the best (1.e., the most appalling) historical examples of how the sweep of empires can also 
Wwarp sclence. PolifIlcs marred the careers of probably the two greatest women scIentists ever, and 
even purely sclentifc efforts to rework the periodic table opened rifs between chemists and 
physIcIsts. More than anything, politics proved the folly of scIentists buryIng their heads 1n lab work 
and hoping the world around them figured out 1ts problems as tidily as they dịd their equations. 

Not long after her Nobel Prize, Curile made another fundamental discovery. Affer running 
experImernfs to purIfy uranium, she noticed, curlously, that the lefover “waste” she normally 
discarded was three hundred times more radioactive than uramum. Hopeful that the waste contained 
an unknown element, she and her husband rented a shed once used to dissect corpses and began 
boiling down thousands of pounds ofpitchblende, a uranum ore, 1n a cauldron and stirring 1t with “an 
1ron rod almost as big as myself” she reported, Just to get enouph grams of the residue to study 
properly. It took years of oppressively tedious work, but the labor culminated 1n /wo new elements—— 
and was consummated with, since they were elements far, far more radioactive than anything known 
before, another Nobel Prize in 1911, this one 1n chemnstry. 

lt may seem odd that the same basic work was recogrmized 1n different pr1ze categories, but back 
then the distinction between fields In atomic sclence wasn't as clear as 1t 1s today. Many early 
wimners 1n both chemnistry and physics won for work related to the perlodic table, since sclenfists 
were sfill sorting the table out. (Only by the time Glemn Seaborg and his crew created element nnety- 
six and named 1t curIum 1n Marlie”s honor was the work considered firmly chemnstry.) Nevertheless, 
no one but Marie Curie emerged from that early era w1th more than one Nobel. 

As đdiscoverers ofthe new elements, the Curies earned the ripht to name them. To capItal1ze on the 
sensafion these strange radioactive mefals caused (not least because one of the discoverers was a 
woman), Marie called the first element they 1solated polonrum——from the Latin for Poland, Polonia—— 
after her nonexIstent hormeland. No element had been named for a political cause before, and Marle 
assumed that her daring cholce would command worldwide attention and I1nvigorate the Polish 
strugsle for independence. Not quite. The public blinked and yawned, then gorged 1fself on the 
salacious details of Marleˆs personal life 1nstead. 

FIrst, tragically, a street carrlage ran over and killed Plerre# 1n 1906 (which 1s why he didn”t 
share the second Nobel Prize; only living people are eligIble for the pr1ze). A few years lafer, In a 
country still seething over the Dreyfus Affatrr (when the French army fabricated evidence of spyIng 
against a Jewish officer named Dreyfus and convicted him of treason), the prestlplous French 
Academy of Sclences reJjected Marle for admnssion for being a woman (which was true) and a 
suspected Jew (which wasn't). Soon affer, she and Paul Langevin, her scIentific colleague——and, 1t 
turned out, lover——attended a conference 1n Brussels together. Miffed at their holiday, Mrs. Langevin 
sent Paul and MarIeˆs love letters to a scurrilous newspaper, which published all the Juicy bifs. A 
humiliated Langevin ended up fiphting pistol duels to salvage CurIeˆs honor, thouph no one was shot. 
The only casualty resulted when Mrs. Langevin KO?”d Paul with a cha1r. 

The Langevin scandal broke In I9lI, and the Swedish Academy of Sclences debated nixing 
Curieˆs nomination for her second Nobel Prize, fearing the political fallout of attaching 1tselfto her. It 
decided 1t couldn”t in good scI1entific conscIence do that, but 1t dịd ask her not to attend the ceremony 
1n her honor. She flauntinply showed up anyway. (Marle had a habit of flouting convention. Once, 
while visiting an eminent male scIentist's home, she ushered him and a second man 1nto a dark closet 


to show offa vial of a radioactive metal that glowed 1n the dark. Just as theiIr eyes adJusted, a curt 
knock 1nterrupted them. One of the men”s wives was aware of CurIe”s femme fatale reputation and 
thoupht they were taking a little long 1n there.) 

Marle found a slipht reprieve from her rocky personal life* when the cataclysm of World VMr I 
and the breakup of European empires resurrected Poland, which enjoyed 1ts fñrst taste of 
independence 1n centuries. But naming her first element after Poland contributed nothing to the effort. 
In fact, 1t turned out to have been a rash decIsion. As a metal, polonium 1s useless. lt decays so 
quickly 1t might have been a mocking metaphor for Poland 1tself. And with the demise of Latin, 1fs 
name calls to mind not Polomia but Polomus, the doddering fool from Hameí. Worse, the second 
elemert, radium, glows a transÏlucent gøreen and soon appeared 1n consumer products worldwide. 
People even drank radium-infised water from radium-lined crocks called Revigators as a health 
tomc. (A competing company, Radithor, sold individual, pre-seeped bottles of radium and thorIum 
water.)* In all, radium overshadowed 1ts brother and caused exactly the sensation Curie had hoped 
for with polomum. Moreover, polonrum has been linked to lung cancer from cigaretffes, since tobacco 
plants absorb polomum excessively welÏ and concentrafe 1t in theiIr leaves. Once 1ncinerated and 
Iinhaled, the smoke ravishes lung tIssue with radioactivify. Of all the countries 1n the world, only 
Russia, the many-time conqueror of Poland, bothers to manufacture polonmum anymore. That°s why 
when ex—KGB spy Alexander Litvinenko ate polonrum-laced sushi and appeared 1n videos looking 
like a teenage leukemia victim, having lost all his hair, even his eyebrows, his former Kremilin 
employers became the prIme suspects. 





The trendy Revigator, q poftery crock lined with nuclear radium. Users ƒilled the ƒÏask with wafer, 
which turned radioacHive qfler a nightš soak. lnsirucftions suggested drinÑing siX or more 
refreshing øglasses a day. (National Museum oƒ Nuclear Science and History) 


HiIstorically, only a sinple case of acute polonum polsoning has approached the drama of 
Litvinenkos—that of lrène Joliot-Curle, Marie”s slender, sad-eyed dauphter. A brillHiant sclentist 
herself, lrène and her husband, FrédérIc Joliot-Curie, picked up on Marie”s work and soon one-upped 
her. Rather than Just finding radIoactive elemenfs, lrène figured out a method for converting tame 
elemenfs 1nto artificially radioactive atoms by bombarding them with subatomic particles. This work 
led to her own Nobel Prize 1n 1935. Unfortunately, Joliot-Curie relied on polonmum as her aftomic 
bombardier. And one day In 1946, not long after Poland had been wrested from NazI Germany, onÌy 
to be taken over as a puppet of the Soviet Union, a capsule of polonrum exploded 1n her laboratory, 
and she Iinhaled Marle's beloved element. Though spared Litvinenko's public humiliation, Joliot- 
Curie died of leukemia 1n 1956, Just as her mother had twenty-two years before. 


The helpless death of lrène JoliotCurile proved doubly Iromc because the cheap, artificial 
radioactive substances she made possible have since become crucial medical tools. When swallowed 
1n small amounts, radioactive “tracers” lipht up organs and soft tssue as effectively as X-rays do 
bones. Virtually every hospifal 1n the world uses tracers, and a whole branch of medicIne, radIology, 
deals exclusIvely 1n that line. It”s startling to learn, then, that tracers began as no more than a stunt by 
a eraduate student—a friend of Joliot-Curie”s who sought revenge on his landlady. 

In 1910, Just before Marie Curie collected her second Nobel Prize for radloactivity, young 
Gvyörgy Hevesy arrived 1n England to study radioactivity himself. His unmversity's lab đirector 1n 
Manchester, Ernest Rutherford, Immediately assipned Hevesy the Herculean task of separating out 
radioactive atoms from nornradioactive atoms 1nside blocks of lead. Actually, 1t turned out to be not 
Herculean but 1mpossible. Rutherford had assumed the radioactive atoms, known as radIium-D, were 
a unique substance. In fact, radium-D was radioactive lead and therefore could not be separated 
chemically. Ipgnorant of this, Hevesy wasted two years tediously trying to tease lead and radium-D 
apart before gø1vIng up. 

Hevesy—a bald, droopy-cheeked, mustached arIstocrat from Hungary—also faced domestic 
frustrations. Hevesy was far from home and used to savory Hungarian food, not the English cooking at 
his boardinghouse. Affer noticing patterns In the meals served there, Hevesy ørew suspIcIous that, 
like a high school cafeteria recycling Monday”s hamburgers 1nto Thursday”s beef chih, his landlady”s 
“fresh” dally meat was anything but. When confrorntcd, she demed this, so Hevesy decided to seek 
proof. 

Miraculously, heˆ*d achieved a breakthrouph In the lab around that time. He still couldnˆt separate 
radium-D, but he realized he could flip that to his advantage. Heˆd begun musing over the poss1b1l1ty 
Of InJecting minufe quantifies of dissolved lead 1nto a living creature and then tracIng the element”s 
path, since the creature would metabolize the radioactive and nonradioactive lead the same way, and 
the radium-D would emnt beacons of radIoactiv1fy as 1t moved. Ifthis worked, he could actually track 
molecules 1nside veIns and organs, an unprecedented degree ofresolution. 

Before he tried this on a living being, Hevesy decided to test his idea on the tissue of a nonÏ1ving 
beIng, a test with an ulterior motive. He took too mụch meat at dinner one night and, when the 
landladyˆs back was turned, sprinkled “hot” lead over 1t. She gathered his leffovers as normal, and 
the next day Hevesy brought home a newfangled radiation detector from his lab buddy, Hans Gelger. 
Sure enoueh, when he waved 1t over that mpht's goulash, CGeIger *s counter went furlous: c/7ck-click- 
click-click. Hevesy confronted his landlady with the evidence. But, being a sclentific romantic, 
Hevesy no doubt laid 1t on thick as he explained the mysteries of radioactivity. In fact, the landlady 


was so charmed to be caupht so cleverly, with the latest tools of forensic scIence, that she didn”t even 
øet mad. Thereˆs no historical record of whether she altered her menu, however. 

Soon afler discovering elemental tracers, Hevesyˆs career blossomed, and he continued to work 
on proJects that straddled chemnistry and physics. Yet those two fields were clearly diverging, and 
mosf sclentists picked sides. Chemists remaIned Interested in whole atoms bonding to one another. 
PhysicIsts were fascinated with the Individual parts of atoms and with a new field called quantum 
mecharmics, a b1zarre but beautiful way to talk about matter. Hevesy left England In 1920 to study In 
Copenhagen with Niels Bohr, a maJor quantum physIcist. And 1t was In Copenhagen that Bohr and 
Hevesy unw1ttingly opened the crack between chemistry and physics 1nto a real political rifi. 

In 1922, the box for element seventy-two on the periodic table stood blank. Chemnsts had figured 
out that the elements between fifty-seven (lanthanum) and seventy-one (lutetium) all had rare earth 
DNA. Element seventy-two was ambiguous. No one knew whether to tack 1t onto the end of the hard- 
to-separate rare earths—In which case element hunters should sift through samples of the recently 
điscovered lutetIum——or to prov1sionally class1fy 1t as a transitIon metal, deserving 1†s own columm. 

According to lore, Niels Bohr, alone 1n his office, constructed a nearly euclidean proof that 
element seventy-two was z#ø/ a lutettum-like rare earth. Remember that the role of electrons In 
chemistry was not well-known, and Bohr supposedly based his proof on the stranege mathematics of 
quantum mechamics, which says that elements can hide only so many electrons 1n their 1nner shells. 
Lutettum and 1ts fshells had electrons stuffed 1nto every sleeve and cramny, and Bohr reasoned that 
the next element had no choIce but to start putting electrons on display and act like a proper transitIon 
metal. Therefore, Bohr dispatched Hevesy and physicist Dirk Coster to scrutimze samples of 
ZIrcomum-—the element above number seventy-two on the table and 1s probable chemical analogue. 
In perhaps the least-sweat discovery 1n periodic table history, Hevesy and Coster found element 
severty-two on their first attempt. They named 1t hafmum, from Hafma, the Latin name for 
Copenhagen. 

Quantum mechamics had won over many physIcIsfs by then, but 1t struck chemnsts as ugly and 
unmntutive. This wasn't stodginess as much as pragmatism: that funny way of counting electrons 
seemed to have liftle to do with real chemistry. However, Bohr”s predictions about hafnium, made 
without setting foot 1n a lab, forced chemnsts to swallow hard. Coincidenfally, Hevesy and Coster 
made thetr discovery Just before Bohr accepted the 1922 Nobel Prize in Physics. They Informed him 
by telepram 1n Stockholm, and Bohr amnounced their discovery 1n a speech. This made quantum 
mechamics look like the evolutlonary sclence, since 1t dug deeper I1nto atomnc structure than chemistry 
could. ÀA whispering campaign began, and as with Mendeleev before him, Bolhr”s colleagues soon 
1mbued Bohr—already 1nclined to scIentific mysticism——w1th oracular qualities. 

That's the lepgend anyway. The truth 1s a lite different. At least three sclentists preceding Bolr, 
including a chemist who directly infuenced Bolr, wrote papers as far back as I§95 that linked 
element seventy-two to transition metals such as zIrcomum. These men werent øemuses ahead of 
their time, but pedestrian chemnsts with little knowledge of or 1nterest in quantum physics. Ït seems 
that Bohr poached their arguments when placing hafmium and probably used his quantum calculations 
to ratlonalize a less romantic, but still viable, chemecal argumernt about 1†s spot on the table.* 

Yet, as with most legends, what”s Important 1snt the truth but the consequences—how people 
react to a sfory. And as the myth was bruifed about, people clearly wanted to believe that Bohr had 
found hafmum through quantum mechamics alone. Physics had always worked by reducing nature”s 
machines Into smaller pieces, and for many sclentists Bohr had reduced dusty, fusty chemnstry to a 
specialized, and suddenly quaInt, branch of physics. Philosophers of scIence also leapt on the story to 


proclaim that Mendeleevian chemistry was dead and Bohrian physics ruled the realm. What started as 
a scIentific areument became a political đispute about terrItory and boundaries. Such 1s scIence, such 
1S lIÍe. 

The legend also lionized the man at the center of the brouhaha, György Hevesy. Colleagues had 
already nominated Hevesy for a Nobel Prize by 1924 for discovering hafmum, but there was a 
đispute over priority with a French chemist and dilettante paInter. Georges Urbain—who had once 
tried and failed to embarrass Henry Moseley with his sample ofrare earth elements—had discovered 
lutetium 1n 1907. Much later he claimed he had found hafmum—a rare earth flavor of hafniun— 
mixed 1n with his samples. Most sclentists didn”t fnd Urbain”s work convincing, and unfortunately 
Europe was still divided by the recent unpleasantrles 1n 1924, so the priortty dispufte took on 
nationalistic overtones. (The French considered Bohr and Hevesy Germans even thouph they were 
Damish and Hungarlan, respectively. One French periodical smiffed that the whole thíing “stinks of 
Huns,” as 1f Attila himself had discovered the element.) Chemists also mistrusted Hevesy for his dual 
“cItizenship” in chemistry and physics, and that, along with the political bickering, prevented the 
Nobel committee from giving him the pr1ze. Instead, 1t left the 1924 prize blank. 

Saddened but unbowed, Hevesy lef Copenhagen for Germany and continued his 1mportant 
experImenfs on chemical tracers. In his spare time, he even helped determine how quickly the human 
body recycles an average water molecule (mne days) by volunteering to drink speclal “heavy” 
water,Š in which some hydrogen atoms have an extra neutron, and then having his urine weighed each 
day. (As with the landlady-meat incident, he wasn't big on formal research protocol.) AlI the while, 
chemisfs such as lrène Joliot-Curie repeatedly and futilely nominated him for a Nobel Prize. Annually 
unrewarded, Hevesy grew a litfle despondert. But unlike with Gilbert LewIs, the obvious 1nJustice 
aroused sympathy for Hevesy, and the lack of a pr1ze strangely bolstered hIs status 1n the International 
COmmMuIIfV. 

Nonetheless, wIth his Jew1sh ancestry, Hevesy soon faced direr problems than the lack ofa Nobel 
Prize. He lef NazI Germany In the 1930s for Copenhagen again and remained there throuph August 
1940, when NazI storm troopers knocked on the front door of Bohr”s Institute. And when the hour 
called for 1t, Hevesy proved himself courageous. TWwo Germans, one JewIsh and the other a JewIsh 
sympathizer and defender, had sent their gold Nobel Prize medals to Bohr for safekeepIng In the 
1930s, since the NazIis would likely plunder them In Germany. However, Hitler had made exportIing 
gold a state crime, so the discovery of the medals in Denmark could lead to multiple executions. 
Hevesy sugsested they bury the medals, but Bohr thought that was too obvious. So, as Hevesy later 
recalled, “while the InvadiIng forces marched 1n the streets of Copenhagen, I was busy dissolving 
[Max von| Laue”s and also James Franck”s medals.” To do this, he used aqua regla——a caustIc mix of 
mtric and hydrochloric acids that fascinated alchemists because 1t dissolved “royal metals” such as 
gold (though not easily, Hevesy remembercd). When the NazIs ransacked Bohr's Institute, they 
scoured the building for loot or evidence of wrongdoing but left the beaker of orange aqua regla 
unfouched. Hevesy was forced to flee to Stockholm 1n 1943, but when he returned to his battered 
laboratory after V-E Day, he found the Innocuous beaker undisturbed on a shelf. He precIpitated out 
the gold, and the Swedish Academy later re-cast the medals for Franck and Laue. Hevesy's only 
complaint about the ordeal was the day of lab work he missed while fleeing Copenhagen. 

Amnd those adventures, Hevesy continued to collaborate w1th colleagues, 1including Joliot-CurIe. 
In fact, Hevesy was an unwItting wIfness to an enormous blunder by Joliot-Curie, which prevented 
her from making one of the preat sclentific discoverles of the twentieth century. That honor fell to 
another woman, an Austrian Jew, who, like Hevesy, fled NazI persecution. Unfortunately, LIse 


Mettnerˆs run-1n w1th politics, both worldly and scIentific, ended rather worse than Hevesy's. 


Mettner and her slightly younger collaborator, Otto Hahn, began working together In Germany Just 
before the discovery of element ninety-one. Its discoverer, Polish chemist KazImierz Fajans, had 
detected only short-lived atoms of the element In 1913, so he named 1t “brevium.” Meitner and Hahn 
realized 1n 1917 that most atoms of 1t actually live hundreds of thousands of years, which made 
“brevium” sound a little stupid. They rechristened 1t protactimum, or “parent of actimum,” the 
elemernt 1nto which 1t (eventually) decayed. 

No doubt FaJans protested this reJectlon of “brevium.” Althouph he was admrired for hIs ørace 
among high-societfy types, contemporarles say the Pole had a pugnacious and tactless streak 1n 
professional matters. Indeed, there”s a myth that the Nobel committee had voted to award FaJans the 
vacant 1924 chemnstry prIze (the one Hevesy supposedly missed) for work on radioactivity but 
rescInded 1t, as punishment for hubris, when a photo of FaJans and a story headlined “K. FaJans to 
Receive Nobel Prize” appeared 1n a Swedish newspaper before the formal announcemert. FaJans 
always maintained that an Iinfluential and unfriendly commmttee member had blocked him for personal 
reasons.* (Officially, the Swedish Academy said 1t had left that year ˆs pr1ze blank and kept the pr1ze 
money fo shore up 1s endowment, which, 1t complained, had been decIimated by hipgh Swedish taxes. 
But 1t released that excuse only after a public outcry. At first 1t Just announced there would be no 
pr1Zes 1n multiple categorles and blamed “a lack of qualified candidates.” W© may never know the 
real story, since the academy says that “such Information 1s deemed secret for all tImes.””) 

Regardless, “brevium” lost out, “protactimum” stuck,Š and Mettner and Hahn sometimes receIve 
credIt for codiscovering element mnety-one today. However, thereˆs another, more Infriguing story fo 
unpack 1n the work that led to the new name. The sclentific paper that announced the long-lived 
protactimum betrayed the first signs of Mettner 's unusual devotion to Han. lí was nothing sexual—— 
MetItner never married, and no one has ever found evidence she had a lover—but at least 
professionally, she was smitten with Hahn. Thats probably because Hahn had recognized her worth 
and chosen to work alongside her 1n a retrofitted carpentry shop when German officials refused to 
øIive Mettner, a woman, a real lab. Isolated In the shop, they fell Iinto a pleasing relationship where he 
performed the chemnstry, Identifying what elements were present 1n radioactfive samples, and she 
performed the physIcs, fipguring out how Hahn had gotten what he said. Unusually, thouph, MeItner 
performed z// the work for the final, published protactimum experiments because Hahn was 
đistracted with Germanyˆs gas warfare during World War I. She nevertheless made sure he receIved 
credit. (Remember that favor.) 

After the war, they resumed their partnership, but while the decades between the wars were 
thrilling 1n Germany scIentifically, they proved scary politically. Hahn—strong-Jawed, mustached, of 
good German stock—had nothing to fear from the NazI takeover In 1932. Yet to his credit, when 
Hitler ran all the JewIsh scIenfists out of the country 1n 1933——causIng the first maJor wave ofreftigee 
sclentists——Hahn resigned his professorship 1n protest (thouph he continued to atftend seminars). 
Mettner, thouph raIsed a proper Austrian Protestant, had Jew1Ish grandparents. Characteristically, and 
perhaps because she had at last earned her own real research lab, she downplayed the danger and 
buried herself 1n scintillating new discoverles 1n nuclear physIcs. 

The bIggest of those discoverles came In 1934, when Enrico Fermi amnounced that by pelting 
uramum atoms with atomic particles, he had fabricated the first transuramic elemerfs. This wasn”t 
true, but people were transfixed by the Idea that the periodic table was no longer limited to nnety- 


two entries. A fireworks display of new 1deas about nuclear physlcs kept scIentIsts busy around the 
world. 

That same year, another leader 1n the field, lrène Joliot-Curie, did her own bombardmerts. After 
careful chemical analysis, she announced that the new transuramc elements betrayed an uncamny 
simlarity to lanthanum, the first rare earth. This, too, was unexpected—so unexpected that Hahn 
didnˆt believe 1t. Elements bigger than uranrum simply could not behave exactly like a tiny metallic 
element nowhere near uranium on the periodic table. He politely told FrédérIc Joliot-Curie that the 
lanthanum link was hogwash and vowed to redo lrène”s experIimenfs to show that the transuramcs 
were nothing like lanthanum. 

AIso In 1938, Mettner's world collapsed. Hitler boldly annexed Austria and embraced all 
Ausfrlans as his Aryan brethren—except anyone remofely JewIsh. Afler years of willed InvisIbility, 
Mettner was suddenly subJect to NazI pogroms. And when a colleague, a chemnst, tried to turn her In, 
she had no chotIce but to flee, with Just her clothes and ten deutsch marks. She found refuge in Sweden 
and accepted a Job at, 1romcally, one of the Nobel scIence 1nstItutes. 

Despite the hardships, Hahn remained faithful to Meitner, and the two continued to collaborate, 
writing letters like clandestine lovers and occasionally rendezvousing In Copenhagen. During one 
such meeting In late 1938, Hahn arrived a litle shaken. After repeating lrène Joliot-Curleˆs 
experImerfs, he had found her elements. And they not only behaved /7Zke lanthanum (and another 
nearby element she”d found, barium), but, according to every known chemical test, they were 
lanthanum and barium. Hahn was considered the best chemist In the world, but that finding 
“contradict[ed]| all previous experIence, he later admitted. He confessed his humbling bafflemert to 
Mettner. 

Mettner wasn't baffled. Out of all the great minds who worked on transuramic elements, only hard- 
eyed Mettner grasped that they werent transuramc at all. She alone (after discussions with her 
nephew and new partner, physicIst Otto Frisch) realized that Fermi hadn't discovered new elemenfs; 
heˆd discovered nuclear fission. He”d cracked uramum 1nto smaller elements and misinterpreted his 
results. The eka-lanthanum Joliot-Curie had found was plain lanthanum, the fallout of the first tiny 
nuclear explosionsl Hevesy, who saw early draffs of Joliot-Curle”s papers from that time, later 
reminisced on how close she*d come to making that unimaginable discovery. But Joliot-Curle, 
Hevesy said, “didn”t trust herself enough” to believe the correct Interpretatlon. Mettner trusted 
herself, and she convinced Hahn that everyone else was wrong. 

Naturally, Hahn wanfted to publish these astounding results, but his collaboration with, and debt to, 
Mettner made dong so politically tricky. They discussed options, and she, deferential, apreed to 
name just Hahn and his assIstant on the key paper. Meitner and Frisch's theoretical contributions, 
which made sense of everything, appeared later In a separate Journal. With those publicatlons, 
nuclear fission was born Just 1n time for Germanyˆs 1nvasion of Poland and the start of World War II. 

So began an Improbable sequence of evenfs that culminated 1n the most eøregIous oversipht In the 
history of the Nobel Prize. Even without knowledge of the Manhattan ProJect, the Nobel commnttee 
had decided by 1943 to reward nuclear fission with a prize. The question was, who deserved 1t? 
Hahmn, clearly. But the war had 1solated ŠSweden and made 1t impossIble to 1nterview scIenfists about 
Mettner 's contrIbutIlons, an 1ntepral part of the commnttee”s decIsion. The commnttee therefore relied 
on scIentific Journals—which arrived months late or not at all, and many of which, especially 
prestIgIous Œerman ones, had barred Mettner. The emerging divIsions between chemistry and physIcs 
also made 1t hard to reward 1nterdIscIplInary work. 

Affter suspending the pr1zes 1n 1940, the Swedish Academy began awarding a few retroactively In 


1944. First up, at long last, Hevesy won the vacant 1943 prize for chemistry—though perhaps partly 
as a political gesture, to honor all refugee scIentisfs. In 1945, the commmttee took up the more vexed 
matter of fission. Meitner and Hahn both had strong back-room advocates on the Nobel commnittee, 
but Hahn'ˆs backer had the chutzpah to poIrnt out that Meitner had done no work “of øreat Importance” 
1n the previous few years—when she was 1n hiding from Hitler. (Why the commitfee never directly 
Iinterviewed Mettner, who was working at a nearby Nobel Institute, 1sn”t clear, although 1t's generally 
bad practice to 1nterview people about whether they deserve a pr1ze.) MetItner s backer argued for a 
shared pri1ze and probably would have prevailed given trme. But when he died unexpectedly, the 
AxIs-friendly commnittee members mobilized, and Hahn won the 1944 pr1ze alone. 

Shamefully, when Hahn got word of his win (the Allles now had him 1n military custody for 
suspIclon of working on Germany's atomic bomb; he was later cleared), he didn't speak up for 
Metfner. Às a result, the woman he”d once esteemed enouph to defy his bosses and work with In a 
carpentry shop got nothing—a victim, as a few historlans had 1t, of “disciIplinary blas, political 
obtuseness, 1enorance, and haste.”* 

The commntfee could have rectified this 1n 1946 or later, of course, after the historical record 
made Metfner s contrIbutions clear. Even architects of the Manhattan ProJect admtted how much they 
owcd her. But the Nobel commnttee, famous for what 77 magazIne once called 1ts “old-maid 
peevishness,” 1s not prone to admit mistakes. DespIte being repeatedly nominated her whole life——by, 
among others, KazImierz FaJans, who knew the pain of losing a Nobel better than anyone—she đdied 
1n [968 without her pr1ze. 

Happlly, however, “history has 1ís own balance sheet.” The transuramc element 105 was 
origInally named hahmum, after Otto Hahn, by Glemn Seaborg, AI Ghiorso, and others in 1970. But 
during the dispute over naming riphfs, an International commnttee—as 1f hahnium was Poland—— 
stripped the element of that name 1n 1997, dubbing 1t dubmum. Because of the peculiar rules for 
naming elements5—basically, each name gets one shot—hahnum can never be considered as the 
name for a new elemert 1n the future, either. The Nobel Prize 1s all Hahn gets. And the commnttee 
soon crowned Mettner with a far more exclusive honor than a pr1ze gø1ven out yearly. Element 109 1s 
now and forever w1ll be known as meifner1um. 


Elementfs as Money 





If the periodic table has a history with politics, 1t has an even longer and cozIer relationship with 
money. The storIes of many metallic elements camnot be told wIthout getting tangled up 1n the history 
of money, which means the history of those elements 1s also tanepled up with the history of 
counterfeiting. In different centuries, caftle, spIces, porpoIse tecth, salt, cocoa beans, cigarettes, 
beetle legs, and tulips have alÏ passed for currency, none of which can be faked convincinply. Metals 
are easler to doctor. Transition metals especially have similar chemistries and densities because they 
have similar electron structures, and they can blend together and replace one another 1n alloys. 
Different combinations of preclous and less-than-preclous metals have been fooling people for 
millenma. 

Around 700 BC, a prince named Midas Inherited the kingdom of Phrygia 1n what 1s now Turkey. 
According to varIous myths (which might conflate two rulers named Midas), he led an eventful life. 
Jealous Apollo, the god of music, asked Midas to Judge a showdown between him and the other øreat 
lyre strummers of the era, then turned Midas”s ears Into donkey ears when Midas favored someone 
else over Apollo. (He didn't deserve human ears 1f he Judged music that badly.) Midas also 
reportedly maintained the best rose garden In the ancient world. ScIentifically, Midas sometimes 
receIves credit for discovering tin (not true, thouph 1t was mined In his kingdom) and for discovering 
the minerals “black lead” (graphite) and “white lead” (a beautiful, bripht whife, poIsonous lead 
pIgmerf). Qf course, no one would remember Midas today 1f not for another metallurgical novelty, hIs 
golden touch. He earned 1t after tending to the drunken satyr Silenus, who passed out In his rose 
garden one nipht. Silenus so appreciated the monarch's hospitality that he offered Midas a reward. 
Midas asked that whatever he touched transform 1nto gold—a delight that soon cost him his dauphter 
when he hugged her and almost cost him his life, since for a time even food transubstantiated 1nto gold 
at his ]Ips. 

Obviously, none of that probably ever happened to the real king. But thereˆs evidence that Midas 
earned his legendary status for good reason. It all traces back to the Bronze Aøe, which began 1n 
Midasˆs neighborhood around 3000 BC. Casting bronze, an alloy of tin and copper, was the high-tech 
field of the day, and although the metal remained expensive, the technology had penetrated most 
kingdoms by the time of Midas”s relign. The skeleton of a king popularly called Midas (but proved 
later to be his father, Gordias) was found 1n 1fs tomb 1n Phrygla surrounded by bronze cauldrons and 
handsome bronze bowls with InscrIptions, and the otherwIse naked skeleton 1fself was found wearing 
a bronze belt. But in sayIng “bronze,” we need to be more specIfic. It's not like water, where two 
parts hydrogen always combine with one part oxygen. A number of different alloys with different 
ratlos of mefals all count as bronze, and bronze metals around the anclent world differed 1n color 
depending on the percentages of tin, copper, and other elements where the metals were mined. 

One unique feature ofthe metallic deposIts near Phrygia was the abundance ofores w1th zInc. ZIinc 
and tin ores commonly commnngle 1n nature, and deposIfs of one metal can easily be mistaken for the 
other. What”s Interesting 1s that zinc mixed with copper doesnˆt form bronze; 1t forms brass. And the 


earllest known brass foundries existed 1n, of all places, the part of Asia Minor where Midas once 
reIgned. 

l§ It obvious yet? Go find something bronze and something brass and examine them. The bronze 1s 
shiny, but wIth overtones of copper. You wouldnˆt mistake 1t for anything else. The shine of brass 1s 
more alluring, more subtle, a liftle more... golden. Midas”s touch, then, was possIbly nothing more 
than an accidenfal touch of zInc 1n the soIl of his corner of Asia Minor. 

To test that theory, in 2007 a professor of metallurgy at Ankara Unmiversify In Turkey and a few 
historIans constructed a primitive Midas-era furnace, Into which they loaded local ores. They melted 
them, poured the resulting liquid 1nto molds, and let 1t cool. Mirabile dictu, 1t hardened Into an 
uncanmly golden bullion. Naturally, 1ts Impossible to know whether the contemporarles of King 
Midas believed that his precious zInc-laden bowls and statues and belts were actually gold. But they 
weren”t necessarIly the ones making up legends about him. More probably, the Greek travelers who 
later colomized that region of Asia Minor simply grew smitten with the Phrygian “bronzes,” so mụch 
brighter than their own. The tales they sent home could have swelled century by century, until golden- 
hued brass transmuted Into real gold, and a local heros earthly power transmuted Into the 
supernatural power to create precious metals at a touch. After that, 1t took only the gemus of Ovid to 
touch up the story for hIs Äefamorphoses, and voilà: a myth with a more-than-plausible origin. 


An even deeper archetype 1n human culture than Midas 1s the lost c1ty of gold——of travelers In far-off, 
alien lands stumbling onto unimaginable wealth. EI Dorado. In modern and (slightly) more realistic 
times, this dream often takes the form of gold rushes. Anyone who paid an 1ota of attention 1n history 
class knows that real gold rushes were awful, dirty, dangerous affairs, w1th bears and lice and mine 
collapses and lots of pathetic whoring and gambling. And the chances that a person would end up rich 
were almost zIlch. Yet almost no one with an 1ota of Iimagination hasnt dreamed of throwing over 
everything In his humdrum life and rushing off to prospect for a few pure nuggets. The desire Íor a 
øreat adventure and the love of riches are practically built into human nature. As such, history 1s 
dotted with innumerable gold rushes. 

Nature, naturally, doesn”t want to part with her treasure so easIly, so she 1nvented 1ron pyrIfe (Iron 
đisulfide) to thwart amateur prospectors. Perversely, 1ron pyrIte shines with a luster more golden than 
real gold, like cartoon gold or gold In the Imagination. And more than a few greenhorns and people 
blinded by greed have been taken 1n during a fool”s gold rush. But 1n all of history, probably the most 
confounded gold rush ever took place 1n 1896, on rouph frontier land 1n the Australian outback. Ifiron 
pyrIte 1s faux gold, then this gold rush in Australia—which eventually found desperate prospectors 
knocking down theIr own chimneys with pickaxes and sifting throuph the rubble——was perhaps the 
first stampede 1n history caused by “foolˆs fool”s gold.” 

Three Irishmen, 1ncluding Patrick (Paddy) Hamnan, were traversing the ouftback in 1893 when one 
Of theIr horses lost a shoe twenty miles from home. It might have been the lucklest breakdown In 
history. Within days, w1thout having to dig an Inch 1nto the dirt, theyˆd collected eipht pounds of gold 
nugøefs Just walking around. Honest but dim, the trio filed a claim with territory officials, which put 
the location on public record. Within a week, hundreds of prospectors were storming Hamnan's Find, 
as the post became known, to try their luck. 

In a way, the expanse was easy pIckIngs. During those first months 1n the desert, gold was more 
plentiful than water. But while that sounds great, 1t wasnt. You cant drink gold, and as more and 
more miners piled In, the prices of supplies soared, and competiftlon for mining sites ørew Íierce. 


People started having to dig for gold, and some fellows figured out there was easler money to be had 
1n building up a real town 1nstead. Brewerlies and brothels popped up In Hamnanˆs Find, as did houses 
and even paved roads. For bricks, cement, and mortar, builders collected the excess rock dug out 
during excavations. Miners Just cast 1t aside, and as long as they were going to keep digøing, there 
was nothing better to do with the rubble. 

Ơr so they assumed. Gold 1s an aloof metal. You won't find 1t mixed 1nside minerals and ores, 
because 1t doesn”t bond with other elemerts. Its flakes and nugøets are usually pure, besides a few 
odd alloys. The exception, the sinele element that w1ll bond to gold, 1s tellurrum, a vamptrIsh element 
first 1solated 1n Transylvamia 1n 1782. Tellurrium combines with gold to form some garish-sounding 
minerals—kremerite, petzIte, sylvamte, and calaverite—with some equally atroclous chemical 
formulas. Instead of mce proportions such as HO and CO›, krennerite 1s (Auosg, Ago2)Te›. Those 


tellurides vary In color, too, and one ofthem, calaverIte, shines sort of yellow. 

Actually 1t shines more like brass or Iron pyrifte than deep-hued gold, but 1ts probably close 
enoueh to trick you 1f youˆve been out In the sun all day. You can Imagine a raw, dirty eIphteen-year- 
old hauling In calaverife nugøets to the local appraIser in Hamnan's Find, only to hear the appraIser 
dismiss them as a sackful of what mineraloglsts classify as bagoshite. Remermber, too, that some 
tellurum compounds (not calaverite, but others) smell pungent, like garlic magmiied a thousand 
times, an odor noforIously difficult to get rid of. Better to sell 1t and bury 1t In roads, where 1t won”f 
stink, and get back to digging for the real McCoy. 

But people Just kept piling into Hamnan's Find, and food and water didn”t get any cheaper. A† one 
poInt, tensions over supplies ran so hipgh that a full-on riot erupted. And as things got desperate, 
rumors circulated about that yellowIsh tellurIum rock they were digøing up and throwing away. Even 
1ƒ hardscrabble miners weren”t acquaInted with calaverite, øeeologIsts had been for years and knew 1fs 
properties. For one, 1t decomposes at low temperatures, which makes separating out the gold darn 
easy. Calaverite had first been found 1n Colorado In the 1860s.Š Historlans suspect that campers 
whoˆd buIilt a fire one nipht noticed that, um, the rocks theyˆd ringed the fire pit with were oozIng 
gold. Pretty soon, stor1es to that effect made theIr way to Hamnanˆs Find. 

Hell finally broke loose on May 29, 1896. Some of the calaverite used to build Hamnans Find 
confained five hundred ounces of gold per ton of rock, and miners were soon tearing out every damn 
ounce they could find. People attacked refuse heaps first, scrabbling among them for discarded rock. 
'When those were pIcked clean, they went after the town 1fself. Paved-over potholes became potholes 
again; sidewalks were chiseled out; and you can bet the miner who built the chimney and hearth for 
his new home out of øold telluride—infused brick wasn't too sentimerntal about tearing 1t apart agaIn. 

In later decades, the region around Hamnan's Find, soon renamed Kalgoorlie, became the world”s 
largest gold producer. The Golden Mile, they called 1t, and Kalgoorlie bragged that 1s engIneers 
oufpaccd the rest of the world when 1t came to extracting gold from the ground. Seems like the later 
generations learned their lesson—not to be throwIng aside rocks all w1lly-mlly—after their fathers” 
fool”s fool”s øold rush. 


Midas's zinc and Kalgoorlieˆs tellurIum were rare cases of unintentional deceptflon: fwo 1mnocent 
momerfs In monetary hIstory surrounded by aeons of deliberate counfterfeiting. A century after Midas, 
the first real money, coIns made of a natural silver-gold alloy called electrum, appeared 1n Lydia, In 
Asia Minor. Shortly after that, another fabulously wealthy anclent ruler, the Lydian king Croesus, 
figured out how to separate electrum 1nto silver and gold coins, 1n the process establishing a real 


Currency system. And within a few years of Croesus”s feat, in 540 BC, King Polycrates, on the Greek 
1sle Samos, began buying off his enemies in Sparta with lead slugs plated with gold. Ever since then, 
counterfeiters have used elemenfs such as lead, copper, tin, and I1ron the way cheap barkeeps use 
water In keøgs of beer——to make the real money stretch a little further. 

Today counterfeiting 1s considered a straight case of fraud, but for most of history, a kingdoms 
precIous-metal currency was so tied up with 1ts economnc health that kings considered counterfeiting 
a hiph crime—treason. Those convicted of such treason faced hanging, 1f not worse. Counterfeiting 
has always attracted people who do not understand opportumty costs—the basic economic law that 
you can make far more money plyIng an honest trade than spending hundreds of hours making “free” 
money. Nevertheless, 1t has taken some brilliant minds to thwart those criminals and design anything 
approaching foolproof currency. 

For Instance, long after Isaac Newton had derived the laws of calculus and his monumertal theory 
Of øravity, he became masfter ofthe Royal Mint of England 1n the last few years ofthe 1600s. Newton, 
1n his early fifties, Just wanted a well-payIng øovernmert post, but to his credit he didnˆt approach 1t 
as a sinecure. Counterfeitine—especially “clippIing” coins by shaving the edges and melting the 
scraps together to make new coIns—was endemc In the seedier parts of London. The great Newton 
found himself entangled with spIes, lowlifes, drunkards, and thieves——an entanglement he thoroughly 
enjoyed. A pIous Christian, Newton prosecuted the wrongdoers he uncovered with the wrath of the 
Old Testament God, refusing pleas for clemency. He even had one notorIous but sÏIppery “coiner, ” 
William Chaloner—who”d goaded Newton for years with accusations of fraud at the mint—hanged 
and publicly disemboweled. 

The counfterfeiting of coins dominated Newton's tenure, but not long after he resigned, the world 
financial system faced new threats from fake paper currency. A Mongol emperor In China, Kublai 
Khan, had Introduced paper money there 1n the 1200s. The 1nmnovation spread quickly 1n Asia at first 
—partly because Kublai Khan executed anyone who refused to use 1t—but only 1ntermittently 1n 
Europe. Still, by the time the Bank of England began 1ssuing paper notes 1n 1694, the advantages of 
paper currency had grown obvious. The ores for making coIins were expensIve, coIns themselves 
were cumbersome, and the wealth based on them depended too much on unevenly distributed mineral 
resources. Coins also, since knowledege of metalworking was more widespread 1n centuries past, 
Wwere easler for most people to counterfeit than paper money. (Nowadays the situation 1s vIce Vversa. 
Anyone with a laser printer can make a decent $20 bill. Do you have a single acquaintance who could 
cast a passable mickel, even 1f such a thing were worth doing?) 

If the alloy-friendly chemistry of metal coIns once favored swIndlers, in the aøe of paper money 
the unique chemnstry of metals like europIum helps governmernfs combat swindling. It all traces back 
to the chemnistry of europIum, especially the movement of electrons wiIthin 1s atoms. So far we”ve 
điscussed only electron bonds, the movement of electrons between atoms. But electrons constantly 
whirl around their own nuclel, too, movemernt oflen compared to planets circling a sun. Althouph 
that”s a pretty good analoøgy, 1t has a flaw 1f taken literally. Earth in theory could have ended up on 
many diferent orbifs around the sun. Electrons camnot take any old path around a nucleus. They move 
wifhin shells at different energy levels, and because thereˆs no energy level between one and two, or 
two and three, and so on, the paths of electrons are highly circumscribed: they orbit onÌy at certain 
distances from their “sun” and orbit in oblong shapes at funny angles. Also unlike a planet, an 
electron—If excIted by heat or light—can leap from 1ts low-energy shell to an empty, high-energy 
shell. The electron camnot stay 1n the high-enerøgy state for long, so 1t soon crashes back down. But this 
1sn't a simple back-and-forth motion, because as 1t crashes, the electron JeffIsons energy by emitting 


lipht. 

The color of the emitted light depends on the relative hetphts of the starting and ending energy 
levels. A crash between closely spaced levels (such as two and one) releases a pulse of low-energy 
reddish light, while a crash between more widely spaced levels (say, five and two) releases high- 
energy purple lipht. Because the electrons” options about where to Jump are limited to whole-number 
energy levels, the emitted lipht 1s also constrained. Light emtted by electrons 1n atoms 1s not like the 
white lipht from a liphtbulb. Instead, electrons emnt light of very specIfic, very pure colors. Each 
element”s shells sit at different heIphfs, so each element releases characteristic bands of color——the 
very bands Robert Bunsen observed with his burner and spectroscope. Later, the realization that 
electrons Jump to whole-number levels and never orbit at fractional levels was a fundamertal 1nsipht 
of quantum mechamcs. Everything wacky you ve ever heard about quantum mechamics derIves 
directly or 1ndirectly from these dIscontinuous leaps. 

Europ1Ium can emit light as described above, but not very well: 1t and 1ts brother lanthamrdes dont 
absorb 1ncomnng light or heat efficiently (another reason chemisfs had trouble 1dentifying them for so 
long). But lipht 1s an International currency, redeemable 1n many forms In the atomic world, and 
lanthamdes can emit lipht in a way other than simple absorption. Ifs called fuorescence,* which 1s 
familiar to most people from black lights and psychedelic posfters. In general, normal emissions of 
light Involve Just electrons, but fluorescence 1nvolves whole molecules. And whereas electrons 
absorb and emt light of the same color (yellow 1n, yellow out), fuorescent molecules absorb hiph- 
energy light (ultraviolet light) but emit that energy as lower-enerøgy, visible light. Depending on the 
molecule 1tˆs attached to, europIum can emit red, green, or blue light. 

That versatility 1s a bupbear for counterfeiters and makes europ1Ium a øreat antIcounterfeiting tool. 
The European Unmion (EU), In fact, uses 1fs eponymous elemernt 1n the 1nk on 1fs paper bills. To 
prepare the ink, EU treasury chemists lace a fluorescing dye w1th europ1Ium 1ons, which latch onto one 
end of the dye molecules. (No one really knows which dyes, since the EU has reportedly outlawed 
lookIng 1nto 1t. Law-abiding chemnists can only guess.) Desplite the anonymity, chemnists know the 
europIum dyes consIst of two parts. Flrst 1s the recetver, or antenna, which forms the bulk of the 
molecule. The antenmna captures Incomnng light energy, which europrum camnot absorb; transforms 1t 
Iinto vibrational energy, which europ1um can absorb; and wrIgeles that energy down to the moleculeˆs 
tip. There the europIum sfirs up 1s electrons, which Jump to higher energy levels. But Just before the 
electrons Jump and crash and emt, a bit of the Incoming wave of energy “bounces” back Into the 
antemaa. That wouldnˆt happen with 1solated europIum atoms, but here the bulky part of the molecule 
dampens the energy and dissipates 1t. Because of that loss, when electrons crash back down, they 
produce lower-enerøgy lieht. 

So why 1s that shift useful?2 The fluorescing dyes are selected so that europrum appears dull under 
vIsible lipht, and a counterfeiter might be lulled 1nto thinking he has a perfect replica. Slide a euro 
nofe beneath a special laser, though, and the laser wIll tickle the 1nvIsible 1nk. The paper 1tself øoes 
black, but small, randomly oriented fibers laced with europium pop out like parti-colored 
consfellations. The charcoal sketch of Europe on the bills ølows preen, as 1t might look to alien eyes 
from space. A pastel wreath of stars gains a corona of yellow or red, and monumerts and signafures 
and hidden seals shine royal blue. Officials nab counterfeits simply by looking for bills that don't 
show all these signs. 

There are realÏy two euros on each banknote, then: the one we see day to day and a second, hidden 
euro mappcd directly onto the first—an embedded code. This effect 1s extremely hard to fake w1thout 
professional training, and the europIum dyes, 1n tandem with other secur1ty features, make the euro the 


most sophisticated plece of currency ever devised. Euro banknotes certainly havent stopped 
counterfeiting; that*s probably Impossible as long as people like holding cash. But In the periodic 
table—wide strugsle to slow 1t down, europIum has taken a place among the most precIous metals. 


Despite all the counterfeiting, many elements have been used as legitimate currency throughout 
history. Some, such as antimony, were a bust. Others became money under øruesome cIrcumsfances. 
While working In a prison chemical plant during World VMr II, the lItalian writer and chemist Primo 
Levi began stealing small sticks of cerrum. CerIum sparks when struck, making 1t an Ideal flint for 
cIparette lighters, and he traded the sticks to civilian workers 1n exchange for bread and soup. Levi 
came Into the concerfration camps fairly late, nearly starved there, and began bartering wIth cerIum 
only in November 1944. He estimated that 1t boupht him two months” worth of rations, of life, enouph 
to last until the Soviet army liberated hIs camp 1n January 1945. His knowledge of cerium 1s why we 
have hIs post-Holocaust masterplece 7Ö Periodie Table today. 

Other proposals for elemental currency were less pragmatic and more eccentric. Glenn Seaborg, 
caupht up In nuclear enthusiasm, once suggested that pÏlutonum would become the new gold in world 
finance, because 1s so valuable for nuclear applications. Perhaps as a send-up of Seaborg, a sclence 
fiction wrIter once suggesfcd that radioactive waste would be a better currency for øglobal capItalism, 
since coIns stamped from 1t would certainly circulate quickly. And, of course, during every economic 
cr1S1S, people bellyache about reverting to a gold or silver standard. Most countries considered paper 
bills the equivalent of actual gold or silver until the twentieth century, and people could freely trade 
the paper for the metal. Some literary scholars think that L. Frank Baums 1900 book The Wonderful 
Mizard oƒ @z——whose Dorothy wore sIlver, not ruby, slippers and traveled on a gold-colored brick 
road to a cash-green cIty—was really an allegory about the relative merIts of the silver versus the 
gold standard. 

However antiquated a metals-based economy seems, such people have a poInt. Althouph metals 
are quifte 1Íliquid, the metals markets are one ofthe most stable long-term sources of wealth. It doesn't 
even have to be gold or silver. Qunce by ounce, the most valuable element, among the elements you 
can actually buy, 1s rhodIum. (That's why, to trưmnp a mere platinum record, the w?#ness Book öoƒ 
Records gave former Beatle Paul McCartney a disk made of rhodium 1n 1979 to celebrate his 
becomnng the bestselling musician of all time.) But no one ever made more money more quickly with 
an element on the periodic table than the AmerIcan chemist Charles Hall dịd wIth alumimum. 

A number of brilliant chemists devoted their careers to aluminium throughout the I8§00s, and 1t”s 
hard to Judge whether the element was better or worse offafterward. ÀA DanIsh chemist and a German 
chemist simultaneously extracted this metal from the ancient astrineent alum around 1825. (Alum 1s 
the powder cartoon characters like Sylvester the cat sometimes swallow that makes their mouths 
pucker.) Because of 1s luster, mineralogIsts 1mmmediately classified aluminium as a preclous metal, 
like silver or pÏlatinum, worth hundreds of dollars an ounce. 

Twenty years later, a Frenchman figured out how to scale up these methods for Industry, makIng 
aluminum available commercially. For a price. lt was still more expensive than even gold. That's 
because, despIte being the most common metal In the earths crust—around 8 percent of 1t by weIpht, 
hundreds of milllons of times more common than gold—aluminium never appears 1n pure, mother 
lode-al form. Ifs always bonded to something, usually oxygen. Pure samples were considered 
miracles. The French once displayed Fort Knox-like aluminium bars next to theIr crown Jewels, and 
the minor emperor Napoleon III reserved a prized set of aluminum cutlery for speclal guests at 


banquets. (Less favored guesfs used gold kmves and forks.) In the Umted States, øgovernment 
engineers, to show off their country”s Industrial prowess, capped the Washington Monumert with a 
six-pound pyramid of alumimum 1n 1884. A historian reports that one ounce of shavings from the 
pyramid would have paid a dayˆs wages for each of the laborers who erected 1t. 
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Dapper cngineers refurbish the qluminium cap díop the Washington Monument The U.sS. 
øovernment crowned the monument with qluminium in I884 because it was the moSf eXpensiVve 
(and thereƒore most impressive) metal in the worid, ƒar dearer than gold. (Bettnann/Corbis) 


Aluminum”s sIxty-year reign as the world”s most precIous substance was glorIous, but soon an 
American chemist ruined everything. The metal's propertles—lipht, strong, attractIve—tantalized 
manufacturers, and 1ts ommipresence In the earths crust had the potential to revolutionize metal 
production. It obsessed people, but no one could figure out an efficlent way to separate 1t from 
oxygen. At Oberlin College In Ohio, a chemistry professor named Frank Fanning Jewett would regale 
his students with tales of the alumimum ElI Dorado that awaited whoever masfered this element. And 
at least one ofhhis studenfs had the naïveté to take his professor ser1ousÌy. 

In his later years, Professor Jewett bragged to old colleøe chums that “my greaftest đdiscovery was 
the discovery ofa man—Charles Hall. Hall worked with Jewett on separating alumimum throughout 
his undergraduate years at Oberlin. He failed and failed and failed agaIn, but failed a litle more 
smartly each time. FInally, in 1886, Hall ran an electric current from handmade batteries (power lines 
didn't exist) through a liquid with dissolved alumimum compounds. The energy from the current 
zappcd and liberated the pure metal, which collected 1n minufe silver nuggets on the bottom of the 
tank. The process was cheap and easy, and 1t would work Just as well in huge vafs as on the lab 
bench. This had been the most sought-after chemical pr1ze since the philosopher ˆs stone, and Hall had 
found 1t. The “alumimum boy wonder”” was Just twenty-three. 


Hall”s fortune, however, was not made 1nstantly. Chemnst Paul Héroult in France stumbled on 
more or less the same process at the same time. (Today Hall and Héroult share credit for the 
discovery that crashed the alunnmum market.) An Austrian invented another separation method 1n 
1887, and with the competition bearing down on Hall, he quickly founded what became the Aluminum 
Company of America, or Alcoa, 1n Pittsburgh. It turned 1nto one of the most successful business 
ventures 1n hIstory. 

Aluminium production at Alcoa ørew at exponential rates. In 1ts first months In 1868, Alcoa eked 
out 50 pounds of aluminium per day; two decades later, 1t had to ship 88,000 pounds per day to meet 
the demand. And while production soared, prices plummeted. Years before Hall was born, one man”s 
breakthroueh had dropped aluminium from $550 per pound to $18 per pound In seven years. FIfty 
vears later, not even adJusting for 1nflation, Halls company drove down the price to 25 cents per 
pound. Such growth has been surpassed probably only one other time 1n American history, during the 
silicon semiconductor revolution eighty years later,Š and like our latter-day computer barons, Hall 
cleaned up. At his death In 1914, he owned Alcoa shares worth §30 millionš (around $650 million 
today). And thanks to Hall, aluminium became the ufterly blasé metal we all know, the basIs for pop 
cans and pinging Litfle League bats and atrplane bodies. (A little anachronmistically, 1t stilÏ sifs atop 
the Washington Monumert, too.) Ï suppose 1t depends on your taste and temperament whether you 
think aluminum was better off as the world”s most precIous or most productive metal. 

Incidentally, I use the International spelling “alumimum” 1nstead of the strictly American 
“aluminum” throughout this book. Thịs spelling disapgreementŠ traces 1fs roots back to the rapid rise of 
this metal. When chemnsfs 1n the early I§00s speculated about the existence of elemernt thirteen, they 
used both spellings but eventually settled on the extra/. That spelling paralleled the recently 
điscovered barium, magnesium, sodium, and strontium. When Charles Hall applied for patents on his 
electric current process, he used the extra 7, too. However, when advertising his shiny metal, Hall 
was looser with his language. There's debate about whether cutting the¡7 was Intentional or a 
fortutous mistake on advertising fliers, but when Haill saw “aluminum,” he thoupht 1t a brilliant 
coInaøe. He dropped the vowel permanently, and with 1t a syllable, which aligned his product with 
classy platinum. His new metal caught on so quickly and grew so economically 1mportant that 
“alumnum” became 1ndelibly stamped on the American psyche. As always In the United States, 
money taÌks. 
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As sclence ørew more sophisticated throughout 1ts history, 1t ørew correspondingly expensive, and 
money, big money, began to dictate Iƒ when, and how sclence got done. Already by 1956, the 
German-English novelist Sybille Bedford could writeŠ that many generations had passed since “the 
laws of the universe were something a man might deal with pleasantly in a workshop set up behind 
the stables.” 

Of course, very few people, mostly landed gentlemen, could have afforded a litle workshop 1n 
which to do their sclence during the eras Bedford was pIning for, the eiphteenth and nmineteenth 
centuries. To be sure, 1t*s no coIncidence that people from the upper cÏasses were usually the ones 
doing things like discovering new elements: no one else had the leisure to sit around and argue about 
what some obscure rocks were made of. 

This mark of arIstocracy lingers on the periodic table, an influence you can read w1thout an 1otfa of 
knowledge about chemnstry. Gentlemen throughout Europe received educations heavy 1n the classics, 
and many element names——cer1um, thorium, promethium—poInt to anclent myths. The really funny- 
lookIing names, too, such as praseodymium, molybdenum, and dysprosium, are amalgams of Latin and 
Greek. Dysprosium means “little hidden one,” since 1t”s tricky to separate from 1fs brother elements. 
Praseodymium means “øreen twIn” for similar reasons (1s other half1s neodymium, “new twIn”). The 
names of noble gases mostly mean “stranger” or “inactive.” Even proud French gentlemen as late as 
the 1I8§S0s chose not “France” and “Paris” when enshrinng new elements but the philologIcally 
morIbund “Gallia” (gallrium) and “Lutetia” ([utetium), respectively, as 1f sucking up to Julius Caesar. 

All this seems odd today—sclIenftists receIving more training 1n antique languages than, well, In 
sclence——but for cenfurles sclence was less a profession than a hobby* for amateurs, like philately. 
ScIence wasn”t yet mathematized, the barrlers for entry were low, and a nobleman with the clout of 
say, Johann Wolfgang von Goethe could bully his way Into scIentific discussions, qualified or not. 

Today Goethe 1s remembered as a writer whose range and emotive power many critics rank 
second only to Shakespeareˆs, and beyond hIis wrifing, he took an active role In øovernment and 1n 
policy debates In nearly every field. Many people still rank him as the greatest, most accomplished 
German ever to live. But I have to admt that my first Impression of Goethe was that he was a bit ofa 
fraud. 

One summer 1n college, I worked for a physlcs professor who, though a wonderful storyteller, was 
forever running out of really basic supplies like electromc cables, which mearnt I had to visit the 
departmerfal suppÌy room 1n the basemert to beg. The dungeon master there was a Cerman-speakIng 
man. In keeping with his Quasimodo-like Job, he was offten unshaven and had shoulder-length, 
tendriled hair, and his big arms and chest would have seemed hulking had he stood taller than five 
feet six. I trembled every time I knocked on his door, never knowing what to sputter back when he 
narrowed hIs eyes and said, more a scoff than a question, “He duzzno have any cohackzIal cable?” 

My relationship with him Improved the next semester when I took a (required) course he co- 
tauplht. It was a lab, which meant tedious hours building and wIring things, and during the dead time 


he and [I talked literature once or twIce. One day he mentioned Goethe, whom I didnt know. “He”s 
the Shakezpeare of Germany,” he explained. “All the stuck-up German azzholes, all the time they 
quote him. It”s dizgusting. Then they say, “What, you donˆt khow Goefhe?ˆ ” 

He had read Goethe 1n the original German and found him mediocre. Ï was stilÏ young enouph to 
be Impressed by any strong convictions, and the denunciatlon made me suspIcIous of Goethe as a 
øreat thinker. Years later, after reading more widely, Ï came to appreclate Goethe”s literary talent. 
But I had to admit my lab director had a poInt about Goetheˆs mediocrIty In some areas. Though an 
epochal, world-changing author, Goethe couldnt hold back from making pronouncemerts 1n 
philosophy and sclIence, too. He did so with all the enthusiasm of a dilettante, and about as much 
compcftence. 

In the late 1700s, Goethe devised a theory of how colors work, to refute Isaac Newton's theory; 
except Goethe”s relied as much on poetry as sclence, Iincluding his whimsical thesis that “colors are 
the deeds of light, deeds and sufferings."” Not to huff like a posItivIst, but that statement has absolutely 
no meaning. He also laded his novel E/ecfive 4ƒffimiiies w1th the spurlous 1dea that marrlages work 
like chemical reactions. That 1s, 1ƒ you throw couple AB 1nto confact wIth couple CD, they all might 
naturally commnt chemical adultery and form new paIrs: AB + CD — AD + BC. And this wasn't Just 
Iimplied or a metaphor. Characters actually discuss this algebralc rearraneement of their lives. 
Whatever the novel”s other strengths (especially 1ts depIction of passion), Goethe would have been 
better off cutting out the scIlence. 

Even Goethe's masterwork, F2„sí, contains hoary speculation on alchemy and, worse (alchemy 1s 
at least cool), a bootless Socratic dialogue between “Neptumsts” and “Plutomsts” on how rocks 
form. Neptumsts like Goethe thought rocks precIpitated from minerals 1n the ocean, the realm of the 
god Neptune; they were wrong. Plutonmists—who were named affter the underworld god Pluto and 
whose argument was taken up, 1n a rather unsubtle dig, by Satan himself 1n Fzsí—argued correctly 
that volcanoes and heat deep within the earth form most rocks. Às usual, Goethe picked the losing 
side because 1t pleased him aesthetically. Fawsf remains as powerful a tale of sclentific hubris as 
Frankensfein, but Goethe would have been crushed after his death In I§32 to learn that 1fs sclence 
and philosophy would soon disintegrate and that people now read his work strictly for 1ts literary 
value. 

Nevertheless, Goethe did make one lasting contribution fo sclence generally and the periodic table 
specifically—through patronage. In 1809, as a minister of the state, Goethe had the responsIbilIty to 
pIck a sclentist for an open chair In chemnstry at the mverslty of Jena. After hearing 
recommendations from friends, Goethe had the foresight to select another Johanmn Wolfgang—]. W. 
Döbereiner. He was a provincial man with no chemnistry degree and a poor résumé, having øI1ven 
chemistry a shot only after failing In the drug, textile, agricultural, and brewing Industrles. 
DöbereIners work 1n Industry, however, taught him practical skIlls that a gentleman like Goethe 
never learned but much admrired during an age of great Industrial leaps. Goethe soon developed a 
strong 1nterest 1n the young man, and they spent many happy hours discussing hot chemistry topIcs of 
the day, such as why red cabbage tarmshes silver spoons and what the Ingredients in Madame de 
Pompadour 's toothpaste were. But the friendship couldnˆt quite erase vast differences 1n backeround 
and education. Goethe, naturally, had recerved a broadly classical education, and even today he 1s 
often hailed (with a touch of hyperbole) as the last man who knew everything, which was still 
possIble back when art, sclence, and philosophy overlapped a great deal. He was also a much- 
traveled cosmopolitan. When Goethe tapped him for the post 1n Jena, Döbereiner had never even left 
Germany before, and gentlemen I1ntellects like Goethe remained far more typIcal sclentists than 


bumpkins like the lesser J.W. 

Its fitting, then, that DöbereIner 's øreatest contrIbution to sclence was 1nspired by one of the rare 
elemerts, strontium, whose name 1s neither Hellemic nor based on something 1n Ovid. StrontIum was 
the first flicker that something like the perlodic table existed. A doctor discovered 1t 1n a hospifal lab 
in London's red-lipht district in 1790, not far from Shakespeare”s old Globe Theatre. He named 1t 
after the orIgin of the minerals he was studyInge—Strontian, a mining village 1n Scotland—and 
Döbereiner picked up his work twenty years later. DöbereiIner's research focused (notice the 
practicalify) on finding precIse ways to weiph elements, and strontIum was new and rare, a challenge. 
With Goethe”s encouragemert, he set out to study 1ts characterIstics. As he refined hIs figures on 
strontium, though, he noticed something queer: 1ts weight fell exactly between the weights of calcIum 
and barium. Moreover, when he looked Into the chemistry of strontium, 1t behaved like barIum and 
calcIum 1n chemical reactions. Stronttum was somehow a blend oftwo elements, one liphter and one 
heavIer. 

Intrigued, DöbereiIner began to precIsely weigh more elemenfs, scouting around for other “triads.” 
Up popped chlorine, bromine, and 1odine; sulfur, selenrum, and tellurium; and more. In each case, the 
weiIpht of the middle element fell halfway between 1s chemical cousins. Convinced this was not a 
coIncidence, Döbereiner began to øroup these elements Into what today weˆd recogmize as colunms of 
the periodic table. Indeed, the chemists who erected the first periodic tables fifty years later started 
with Döbereinerˆs pIllars.Š 

Now, the reason fiffy years passed between Döbereiner and Dmritri Mendeleev w1thout a periodic 
table was that the triad work got out of hand. Instead ofusing strontium and 1ts neIphbors to search for 
a umversal way to orgamze matter, chemists (infuenced by Clristiamty, alchemy, and the 
Pythagorean belief that numbers somehow embody true metaphysical reality) began seeiIng trimifles 
everywhere and delving 1nto triadic numerology. They calculated trilogIes for the sake of calculating 
trilogIes and elevated every three-in-one relationship, no mafter how tenuous, 1nto sormething sacred. 
Nevertheless, thanks to Döbereiner, stronttum was the first element correctly placed In a larger 
universal scheme of elements. And Döbereiner never would have figured all this out wIthout first the 
faith and then the support of Goethe. 

Then again, Döbereiner did make his patron look like even more ofa øemus for supporting him all 
along when, 1n 1823, he Invented the first portable lighter. This lighter relied on the curious ability of 
platinum to absorb and store massive amounts of burnable hydrogen gas. In an era when all cooking 
and heating still required fire, 1t proved an unfathomable economic boon. The lighter, called 
DöbereiInerˆs lamp, actually made Döbereiner almost as famous worldwide as Goethe. 

So even 1f Goethe made a poor show of things In his own sclIentific work, his writing helped 
spread the 1dea that sclence was noble, and his patronage nudged chemnsts toward the periodic table. 
He deserves at least an honorary position 1n the history of sclence—which, In the end, mipht have 
satisfied him. To quofe no less a personage than Johamn Wolfpgang von Goethe (apologles to my old 
lab director!), “ “The history of sclence 1s sclence 1tself.” 


Goethe valued the 1ntellectual beauty of sclence, and people who value beaufy 1n sclence tend to 
revel In the symmetrles of the periodic table and 1ts Bach-like repetitions with varlation. Yet not all 
the tableˆs beaufy 1s abstract. The table Inspires art 1n all guises. Gold and silver and platinum are 
themselves lovely, and other elemerfs, such as cadmum and bismuth, bloom 1nto bright, colorful 
pIgmenfs 1n minerals or oil paints. Elements pÏlay a strong role 1n deslgn, too, In the making of 


beautiful everyday obJects. New alloys of elements often provide some subfle edge 1n strength or 
flexIbility that transforms a design from functional to phenomenal. And with an Infusion of the ripht 
elemernt, something as humble as a fountain pen can achieve a deslgn that—If Ifs not tfoo 
embarrassing to say 1t (and for some pen aficionados, 1fˆs not)——inches close to maJesty.Š 

In the late 1920s, the legendary Hungarian (and later American) designer László Moholy-Nagy 
drew an academic distinction between “forced obsolescence” and “artificial obsolescence.” Forced 
obsolescence 1s the normal course of things for technologles, the rouphage of history books: pÏlows 
øave way fo reapers, muskets to Gatling guns, wooden boat hulls to steel. In contrast, artificial 
obsolescence dịd and Increasingly would dominate the twentieth century, Moholy-Nagy argued. 
People were abandoning consumer øoods not because the øoods were superannuated, but because the 
Joneses had some newer, fancler design. Moholy-Nagy——an artist and something of a philosopher of 
desIgn——couched artificial obsolescence as mafter1alistic, infantile, and a “moral disinteeration.” And 
as hard as 1t 1s to belileve, the humble pen once seemed an example of people”s gÏuftonous need for 
something, anything, advanced and all too #ow. 

The career of the pen as Frodo's ring began In 1923 with one man. At twenty-eiIpht, Kenncth 
Parker convinced the directors ofthe family business to concentrate the firm”s money In a new desIøn, 
his luxury Duofold pen. (He smartly waited until ÄMz. Parker, his dad, the big boss, had left for a long 
sea voyage around Africa and Asia and couldnˆt veto him.) Ten years later, 1n the worst days of the 
Great Depression, Parker gambled agaIn by IntroducIng another high-end model, the Vacumatic. And 
Just a few years after that, Parker, by then boss himself. was 1tching for another new design. He had 
read and absorbed Moholy-Nagy”s theorles of design, but instead of letting the moral reproach of 
artificial obsolescence hem him 1n, Parker saw 1t in true American fashion: a chance to make a lot of 
money. Ifpeople had something better to buy, they would, even 1f they didn”t need 1t. To this end, In 
1941 he Iintroduced what's wIdely considered the greatest pen In history, the Parker 5], named after 
the number of years the Parker Pen Company had been operating when this wonderful and utterly 
superfiuous model hit the stores. 

It was elegance herself. The pen”s caps were gold- or chrome-plated, wIth a gold-feathered arrow 
for the penˆs clasp. The body was as plump and tempting to pick up as a cigarillo and came In dandy 
colors such as Blue Cedar, Nassau Green, Cocoa, Plum, and Rage Red. The pen's head, colored 
India Black, looked like a shy turtle°s head, which tapered to a handsome, callieraphic-style mouth. 
And from that mouth extended a tiny gold mb, like a rolled-up tongue, to dispense 1nk. Inside that 
sleek frame, the pen ran on a newly patented plastic called Lucite and a newly patented cylindrical 
system for delivering a newly patented Ink——nk that for the first time 1n penmanship history dried not 
by evaporation, while sifting øø the paper, but by penetrating 7o the papers fibers, dryIng via 
absorption In an Instant. Even the way the cap snapped onto the pen body received two patents. 
Parkerˆs engIneers were scrIbal gemiuses. 
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Aficionados often cite the Parker 5l qs the greatest pen In history—as well as one oƒ the most 
stylsh designs ever, in any field. The pen 5 tịp was ƒashioned from the rare and durable elemenf 
ruthenium. (Jim Mamoulides, wwvw.Penllero.com) 


The only mole on this beauty was the tip of the gold mb, the part that actually touched the paper. 
Gold, a soft metal, deforms under the rigorous friction of writing. Parker orIginally capped the mb 
with a ring of osmiridium, an alloy of Iridium and osmium. The two metals were suitably tough but 
Scarce, expensive, and a headache to 1mport. A sudden shortage or price hike might doom the desIgn. 
So Parker hired a metallurgist away from Yale Universify to find a replacement. Within a year, the 
company filed for another patent for a ruthemum tip, an elemert little better than scrap until then. But 
1t was a tip, ñnally, worthy of the rest of the design, and ruthenium began capping every Parker 5Ï In 
1944.š 

Now, honestly, despite 1fs superlor engineering, the Parker 5] was probably about equal to most 
pens 1n I1ts basic Job——delivering ink onto paper. But as design prophet Moholy-Nagy could have 
predicted, fashion trumped need. With 1ts new tip, the company convinced consumers, through 
advertising, that human wrifing Instrumenfs had reached their apotheosIs, and people began throwIng 
away earlier Parker models to grab this one. The 5I——“the world”s most wanted pen”—became a 
status symbol, the only thing the classiest bankers, brokers, and politicians would sign checks, bar 
tabs, and golf scorecards with. Even Generals Dwigpht D. Eisenhower and Douglas MacArthur used 
51s to sign the treaties that ended World War II in Europe and the Pacific In 1945. With such 
publicity, and with the optimism that washed over the world at the end of the war, sales Jumped from 
440,000 umts in 1944 to 2.1 million in 1947——an amazIing feat considering that the 5l cost at least 
$12.50 at the time and ran up to $50 ($100 to $400 today), and that the refillable Ink cartridge and 
durable ruthenium tip meart that no one had to replace the pen. 

Even Moholy-Nagy, though likely distressed at how smoothly his theorles had translated 1nto 
marketing, had to whistle at the ŠI. Its balance In the hand, 1ts look, 1ts creamy delivery of Ink— 
Moholy-Nagy swooned, and once cifed 1t as /he perfect design. He even took a Job consulting for 
Parker starting in 1944. After that, rumors persisted for decades that Moholy-Nagy had designed the 
51 himself. Parker continued to sell varlous models of the 5l throuph 1972, and thouph twice as 


expensive as 1fs next-cheapest competitor, 1t had outsold every pen ever made up to that poInt, 
reaping $400 million 1n sales (a few billion dollars today). 

Of course, not long after the Parker 5l disappeared, the market for high-end pens began to shrivel. 
The reason 1s pretty obvious: while the 51 had thrived on making other pens seem 1nferIor, pens were 
gradually being forced Into obsolescence by technologles like the typewriter. But thereˆs an 1romc 
story to unbury 1n that takeover, which starts with Mark Twain and wends 1ts way back to the 
periodic table. 


Affer seeIng a demonstration of a typewriter 1n 1874, and despIte a worldwide economnc depressIon, 
Twain ran ripht out and bought one for the outrageous price of $125 ($2,400 today). Within a week, 
he was wrIting letters on 1t (in all capitals; 1t had no lowercase) about how he looked forward to 
øIving 1t away: “FT IS MOST TOO TEARING ON THE MIND,” he lamented. It's sometimes hard to 
separate TwaiIn”s real complaints from his curmudgeonly persona, so maybe he was exaggerating. But 
by 1875, he had given away his typewriter and decided 1nstead to endorse new “fountaln” pens for 
two compamies. HIs adoration of expensive pens never flagøed, even when 1t took “a royal amount of 
cussing to make the thing|[s| go.” Parker 51s they were not. 

Stil, Twain did more than anyone to ensure the eventual triumph of typewriters over high-end 
pens. He submnitted the first typewritten manuscrIpt to a publisher, L7ƒe on the Mississippi, 1n 1883. 
(It was dicfated to a secretary, not typed by Twain.) And when the Remington typewriter company 
asked him to endorse 1†s machines (Twain had reluctantly bought another), he declined with a crusty 
letter—which Remnngton turned around and printed anyway.* Even the acknowledgmert that TwaIn, 
probably the most popular person in America, owned one was endorsement enouph. 

These storles of cussing out pens he loved and using typewriters he hated underline a 
corfradiction 1n Twain. Thouph perhaps the antithesis of Goethe 1n a literary sense, the demotic, 
democratitc Twain shared Goethe's ambivalence about technology. Twain had no pretensions of 
practicing scIence, but both he and Goethe were fascInated by scIentific discovery. At the same time, 
they doubted Høno sapiens had enouph wIsdom to use technology properly. In Goethe, this doubt 
mamifested 1tself as “zøwsí. And Twain wrote what we mipht recognize ftoday as sclence fiction. 
Really. In contrast to his laddish riverboat novels, he wrote short storles about 1nventions, 
technoloøy, dystop1as, space and time travel, even, In his bemusing story “Sold to Satan,” the perIls 
of the periodIc table. 

The story, two thousand words long, starts shortly after a hypothetical crash of steel shares around 
1904. The narrator, sick of scrabbling for money, decides to sell hs Immortal soul to 
Mephistopheles. To hammer out a deal, he and Satan meet In a dark, unnamed lair at midmpht, drink 
some hot toddies, and discuss the depressinegly modest going price for souls. Pretfty soon, thouph, 
theyˆre sidetracked by an unusual feature of Satan”s anatomy——heˆs made entirely of radium. 

SIx years before TWwaIns story, Marlie Curie had astounded the scIentific world with her tales of 
radioactive elements. lí was genuine news, but TWwain must have been pretty plugged Into the 
sclentifc scene to 1ncorporafe all the cheeky details he did Into “Sold to Satan.” Radium's 
radioactivity charges the alr around 1t electrically, so Satan glows a luminescent green, to the 
narratorˆs delipht. Also, like a warm-blooded rock, radium 1s always hotter than 1s surroundings, 
because 1fs radioactivity heats 1t up. This heat grows exponentially as more radium 1s concentrated 
together. As a result, TwaIn“s six-foot-one, “nine-hundred-odd”-pound Satan 1s hot enouph to lipht a 
cIigar with his fingertip. (He quickly pufs 1t out, thouph, to “save 1t for Voltatre.” Hearing this, the 


narrator makes Satan take fiffy more cIgars for, among others, Goethe.) 

Later, the story goes Into some detall about refining radloactive metals. Its far from TWwalIn”s 
sharpest material. But like the best sclence fiction, 1t s presclent. To avoid IncInerating people he 
comes across, radium-bodied Satan wears a protective coat of polomum, another new element 
discovered by Curie. Sclentifically, this 1s rubbish: a “transparenf” shell of polomum, “thin as a 
øelatine film,” could never withhold the heat of a critical mass of radIum. But we'”lÏ forgive TWwann, 
since the polonium serves a larger dramatic purpose. ÏIt øIves Safan a reason to threaten, “If I should 
strip of my skin the world would vanish away 1n a flash of flame and a puff of smoke, and the 
renmnanfs of the extineguished moon would sift down throuph space a mere snow-shower of pray 
ashes†” 

Twain being Twain, he could not let the Devil end the story 1n a positlon of power. The trapped 
radIum heat 1s so Intense that Satan soon admts, w1th unntended 1rony, “[I burn. I suffer within.” But 
Jokes aside, TwaIn was already trembling about the awesome power of nuclear energy 1n 1904. Had 
he lived forty years more, he surely would have shaken his head——dIspirited, yet hardly surprIsed——to 
see people lusting after nuclear missiles Instead of plentiful atomic energy. Unlike Goethe”s forays 
1nto hard sclence, Twainˆs storles about sclence can sfill be read today with Instruction. 


Twain surveyed the lower realm of the perlodic table with desparr. But of all the tales of artists and 
elemernts, none seems sadder or harsher, or more Faustian, than poet Robert Lowell”s adventures with 
one ofthe primordial elements, lithrum, at the very top ofthe table. 

When they were alÏ youngsters at a prep school 1n the early 1930s, friends mcknamed Lowell 
“Cal” aRer Caliban, the howling man-beast In 7e Tempesí. Others swear Caligula Inspired the 
epithet. Either way, the name fit the confessional poet, who exemplified the mad artIst—someone like 
van Goph or Poe, whose øenmius stems from parts of the psyche most of us cannot access, mụch less 
harness for artistic purposes. Unfortunately, Lowell couldnˆt rein in his madness outside the margins 
of his poems, and his lunacy bled all over his real life. He once turned up spuffering on a friend”s 
doorstep, convinced that he (Lowell) was the Virgin Mary. Another time, in Bloomington, Indiana, he 
convinced himself he could stop cars on the hiphway by spreading his arms wide like Jesus. In 
classes he taught, he wasted hours babbling and rewriting the poems of nonplussed studenfs 1n the 
obsolete style of Tennyson or Milton. When mneteen, he abandoned a fiancée and drove from Boston 
to the country house ofa Tennessee poet who Lowell hoped would mentor him. He Just assumed that 
the man would put him up. The poet gracIously explained there was no room at the 1m, so to speak, 
and Joked that Lowell would have to camp on the lawn I1f he wanted to stay. Lowell nodded and left 
—for Sears. He boupht a pup tent and returned to rouph 1t on the ørass. 

The literary public delighted In these sfories, and during the 1950s and 1960s, Lowell was the 
preeminent poet In the Umited States, winming prizes and selling thousands of books. Everyone 
assumed Lowell”s aberratons were the touch of some madly divine muse. Pharmaceutical 
psychology, a field comnng 1nfo 1ts own 1n that era, had a different explanation: Cal had a chemical 
Imbalance, which rendered him mamic-depressive. The public saw only the wild man, not hIs 
incapacitating black moods—moods that left hìim broken sprritually and Increasinely broke 
financially. Luckily, the first real mood stabilizer, lithium, came to the United States 1n 1967. A 
desperate Lowell—who”d Just been Incarcerated In a psychiatic ward, where doctors had 
confiscated his belt and shoelaces——agreed to be medIcated. 

Curiously, for all 1s potency as a drug, lithrum has no normal biologIical role. Is not an essential 


mineral like Iron or magnesium, or even a trace nutrIent like chromnium. In fact, pure lithium 1S a 
scarily reactive metal. Peopleˆ's linty pockets have reportedly caupht fire when keys or coIns short- 
circuited portable lithium batterles as they Jangled down the street. Nor does lithium (which In 1s 
drug form 1s a salt, lithum carbonate) work the way we expect drugs to. We take antibiotics at the 
heipht of an Infection to knock the microbes out. But takIing lithium at the heipht of mamia or In the 
canyon of depression won't fix the epIsode. Lithium only prevents the next episode from sfarting. And 
althouph scIentists knew about lithium's efficacy back 1n 1886, until recently they had no clue why 1t 
worked. 

Lithium tweaks many mood-altering chemicals 1n the brain, and 1ts effects are complicated. Most 
Interesting, lithium seems to reset the body”s circadian rhythm, 1s Inner clock. In normal people, 
ambIent conditions, especially the sun, dictate their humors and determine when they are tuckered out 
for the day. Theyˆre on a twenfy-four-hour cycle. Bipolar people run on cycles independent ofthe sun. 
And run and run. When theyre feeling good, their brains flood them with sunshiny neurostimulants, 
and a lack of sunshine does not turn the spigot off. Some call 1t “pathological enthuslasm”: such 
people barely need sleep, and their selfconfidence swells to the poInt that a Bostomian male 1n the 
twentieth century can believe that the Holy Sprrit has chosen him as the vessel of Jesus ChrIst. 
Eventually, those surges deplete the brain, and people crash. Severe manic-depressives, when the 
“black dogs” have them, sometimes take to bed for weeks. 

Lithium regulates the proteins that control the body”s 1mner clock. This clock runs, oddly, on DNA, 
I1nside spec1al neurons deep 1n the braIn. Special proteins attach to people°s DNA each morning, and 
after a fixed time they degrade and fall off. Sunlipht resets the proteins over and over, so they hold on 
much longer. In fact, the proteins fall off only after darkness falls——at which poInt the brain should 
“notice” the bare DNA and stop producing stimulants. This process øgoes awry 1n manic-depressIves 
because the proteins, despIte the lack of sunlipht, remain bound fast to their DNA. Their brains don”t 
realize they should stop revving. Lithium helps cleave the proteins from DNA so people can wind 
down. Notice that sunlight still trumps lithium during the day and resets the proteins; 1t's only when 
the sunlipht goes away at mpht that lithium helps DNA shake free. Far from being sunshine 1n a pIÏ], 
then, lithium acts as “anti-sunlipht.” Neurologically, 1t undoes sunlight and thereby compresses the 
circadian clock back to twenty-four hours—preventing both the mamia bubble from forming and the 
Black Tuesday crash Into depressIon. 

Lowell responded 1mmediately to lithium. His personal life ørew steadier (thouph by no means 
steady), and at one poInt he pronounced himself cured. From his new, stable perspective, he could 
see how his old life——full of fights, drinking binges, and divorces——had latid waste to so many people. 
For all his frank and moving lines within hIs poems, nothing Lowell ever wrote was as poIgnant— 
and nothing about the fragile chemistry of human beings was as moving—as a simple plaint to his 
publisher, Robert Giroux, after doctors started him on lithium. 

“IUs terrible, Bob,” he said, “to think that all [ve suffered, and all the suffering Iˆve caused, mipht 
have arIsen from the lack ofa little salt in my brain.” 

Lowell felt that his life Improved on lithium, yet the effect of lithium on his art was debatable. As 
Lowell did, most artists feel that trading a mamic-depressive cycle for a muted, prosaic circadian 
rhythm allows them to work productively w1thout being distracted by mamia or sedated by depress1on. 
There”s always been debate, though, about whether their work suffers after their “cure,” after they”ve 
lost access to that part of the psyche most ofus never gÏimpse. 

Many artists report feeling flatlined or tranquilized on lithrium. One of Lowell”s friends reported 
that he looked like something transported around 1n a zoo. And his poetry undoubtedly changed after 


1967, ørowing roupher and purposely less polished. He also, 1nstead of1nventing lines from his wIld 
mind, began poaching lines from private letters, which outraged the people he quoted. Such work won 
Lowell a Pulitzer Prize In I974, but 1t hasnt weathered well. Especlally compared with his 
VIVaclous younger work, 1s barely read today. For all that the periodic table Inspired Goethe, 
Twain, and others, Lowell”s lithium may be a case where 1t provided health but subdued art, and 


made a mad gemus merely human. 


An Flemenf 0ƒ Madness 





Robert Lowell typified the mad artist, but there's another psychological deviant 1n our collective 
cultural psyche: the mad sclentist. The mad sclentists of the periodic table tended to have fewer 
public outbursts than mad artisfs, and they generally didn't lead notorious prIvate lives eIther. TheIr 
psychological lapses were subtler, and their mistakes were typical of a peculiar kind of madness 
known as pathologtcal sclence.Š And what”s fascInating 1s how that pathology, that madness, could 
exIst side by side 1n the same mind with brill1ance. 

Dhnlike virtually every other sclentist 1n this book, WIlliam Crookes, born to a tailor in London 1n 
1832, never worked at a university. The first of sixteen children, he later fathered ten of his own, and 
he supported his enormous family by writing a popular book on diamonds and editing a bumptIous, 
ØOSSIDY Journal of sclence goIngs-on, Chemical News. Nevertheless, Crookes——a bespectacled man 
with a beard and poInty mustache——did enough world-class sclence on elements such as selenrum and 
thallium to get elected to England”s premier scIentific club, the Royal SocIety, at Just thirty-one years 
ofage. A decade later, he was almost kicked out. 

His fall began in I§67, when his brother Philip died at sea.* Despite, or perhaps because o£ thetr 
abundance of family, WIlliam and the other Crookeses nearly went mad with grlef. At the time, 
spIritualism, a movement Imported from America, had overrun the houses of aristocrats and 
shopkeeps alike all over England. Even someone like S1r Arthur Conan Doyle, who 1nvented the 
hyperrationalist detective Sherlock Holmes, could find room 1n his capaclous mind to accept 
spIritualism as genuine. Products of their time, the Crookes clan—mostly tradesmen with neIther 
scIentfific training nor 1nstinct—began attending séances en masse to comfort themselves and to chat 
with poor departed PhilIp. 

Its not clear why William tagged along one mpht. Perhaps solidarity. Perhaps because another 
brother was stapøe manager for the medium. Perhaps to dissuade everyone from going back— 
privately, 1n his diary, he had dismissed such spiritual “contacf” as fraudulent pageantry. Yet 
watching the medium play the accordion with no hands and write “automatic messages,” OulJa 
board-style, with a stylus and plank Impressed the skeptic despite himself. His defenses were 
lowered, and when the medium began relaying babbled messages from Philip 1n the great beyond, 
William began bawling. He went to more sessions, and even Invenfed a scIentific device fo momifor 
the susurrus of wandering spIrIfs In the candlelit rooms. Its not clear 1f his new radIometer—an 
evacuated glass bulb with a very sensitive weather vane Inside—actually detected Philip. (W© can 
hazard a guess.) But WIlliam couldn”t dismiss what he felt holding hands with family members at the 
meefings. HIs attendance became regular. 

Such sympathies put Crookes 1n the minorIty among his fellow rationalists 1n the Royal Soclety—— 
probably a minority of one. Mindful of this, Crookes concealed his blases In 1870 when he 
announccd that he had drawn up a sclentific study of spIritualism, and most fellows of the Royal 
SocIety were deliphted, assuming he would demolish the whole scene 1n his rowdy Journal. Things 
địd not turn out so neatly. After three years of chanting and summoning, Crookes published “Notes of 


an Enqurry 1nto the Phenomena Called Spiritual” 1n 1874 In a Journal he owned called the Quarferly 
Journal oƒ Science. He compared himself to a traveler 1n exotic lands, a Marco Polo of the 
paranormal. But Instead of attacking all the spiritualist mischief—“levitation,” “phantoms,” 
“percussIve sounds,” “luminous appearances,” “the rising of tables and chatrs off the ground”——he 
concluded that neither charlatamsm nor mass hypnosIs could explain (or at least not wholy explain) 
all he”d seen. lt wasnt an uncritical endorsemert, but Crookes did claim to find a “residual” of 
legItImate supernatural forces. Š 

Comnng from Crookes, even such tepid support shocked everyone 1n England, I1ncluding 
sprritualists. Recovering quickly, they began shouting hosamnas about Crookes from the mountaIntops. 
Even today, a few ghost hunters haul out his creaky paper as “proof” that smart people w1lÏ come 
around to sp1rItualism 1f they approach 1t with an open mind. Crookes”s fellows 1n the Royal SocIety 
were equally surprised but rather more aghast. They argued that Crookes had been blinded by parlor 
tricks, swept up 1n crowd dynamics, and charmed by charIsmatic gurus. They also tore Into the 
dubious scIentific veneer he”d øIven his report. Crookes had recorded 1rrelevant “data” about the 
temperature and barometric pressure 1nside the medIums laIr, for 1nstance, as 1f Immaterlal beings 
wouldnt poke their heads out 1n inclement weather. More uncomfortably, former friends attacked 
Crookesˆs character, calling him a rube, a shill. If spiritualIsts sometimes cl1fe Crookes today, a few 
scIentIsts still cannot forgIve him for enabling 135 years of New Age-y BS. They even cIte his work 
on the elements as proof he went crazy. 

When young, you see, Crookes had pioneered the study of selenium. Though an essential trace 
nutrIent in all animals (in humans, the depletion of selenrium 1n the bloodstream of AIDS patienfs 1s a 
fatally accurate harbinger of death), selenrium 1s toxIc 1n large doses. Ranchers know this well. If not 
watched carefully, their cattle will root out a prairie plant of the pea family known as locoweed, 
some varIetles of which sponge up selemum from the soil. Cattle that munch on locoweed begin to 
stagger and stumble and develop fevers, sores, and anorexIla——a suite of symptoms known as the blind 
staggers. Yet they enJoy the hiph. In the surest sign that selenrum actually makes them go mad, cattle 
ørow addicted to locoweed desptte 1ts awful side effects and eat 1t to the exclusion of anything else. 
IƯs anmal meth. Some Imaginative historIans even pin Cusfer ˆs loss at the Battle ofthe Little Bighorn 
on his horses" taking hits of loco before the battle. Overall, 1t's fitting that “selemum” comes from 
selene, Creek for “moon,” which has links—throuph „ma, Latin for “moon—to “lunatic” and 
“lunacy.” 

Given that foxIcIty, 1t might make sense to retroactively blame Crookes”s delusions on selenium. 
Some 1nconvenIent facts undermine that diagnosis, thouph. Selemum offen attacks wIthin a week; 
Crookes got goofy 1n early middle age, long affter he”d stopped working with selenrum. Plus, after 
decades of ranchersˆ cursing out element thirty-four every time a cow stumbled, many biochemnisfs 
now think that other chemicals 1n locoweed confrIbute Just as much to the craziness and 1ntoxIcation. 
Finally, in a clinching clue, Crookesˆs beard never fell out, a classic symptom of selenos1s. 

A full beard also argues against his beIng driven mad, as some have sugsested, by another 
depilatory on the periodic table——the poIsoner ”s poIson, thallium. Crookes discovered thallium at aøe 
twenty-s1x (a finding that almost ensured his election to the Royal SocIety) and continued to play with 
1t 1n his lab for a decade. But he apparently never Inhaled enough even to lose his whiskers. Besides, 
would someone ravished by thallium (or selenum) retain such a sharp mind 1nto old age? Crookes 
actually wIthdrew from spiritualist circles after 1874, rededicating himself to sclence, and maJor 
discoverles lay ahead. He was the first to suggest the existence of 1sotopes. He built vital new 
sclentific equipment and confirmed the presence of helium 1n rocks, 1s first detection on earth. In 


1897, the newly kmiphted Sir William dove Into radioactivity, even discovering (though without 
realIzIng 1£) the element protactinium In 1900. 

No, the best explanation for Crookes”s lapse 1nto sp1r1tualism 1s psychological: ruined by gr1ef for 
his brother, he succumbed, avant la lettre, to pathological scIence. 


In explaimng what pathological scIence 1s, 1ts best to clear up any misconceptions about that loaded 
word, “pathological,” and explaIn up front what pathological sclence 1s zøứ. It”s not fraud, since the 
adherents of a pathological sclence believe theyˆre rIpht——If onÏy everyone else could see 1t. It's not 
pseudoscIence, like Freudianism and MarxIsm, fields that poach on the Imprimatfur of sclence yet shun 
the rigors of the sclentific method. I's also not politicized sclence, like Lysenkoism, where people 
swear alleglance to a false science because of threats or a skewed Ideology. FInally, 1t's not general 
climcal madness or merely deranged belief. Is a particular madness, a meticulous and scIentifically 
informed delusion. Pathological scIentists pick out a marginal and unlikely phenomenon that appeals 
to them for whatever reason and bring all their sclentific acumen to proving 1fs existence. But the 
game 1s rigeed from the start: thelr sclence serves only the deeper emotional need to believe 1n 
something. Sprritualism per se 1snt a pathological sclence, but 1t became so 1n Crookes”s hands 
because of hIs careful “experIments” and the scIentific trimmings he gave the exper1Iments. 

And actually, pathological sclence doesn't always sprIing from fringe fields. It also thrives In 
legitimate but speculative fields, where data and evidence are scarce and hard to Interpret. For 
example, the branch of paleontology concerned with reconstructing đdinosaurs and other extinct 
creatures provides another øreat case study 1n pathological sclence. 

At some level, of course, we donˆt know squat about extinct creatures: a whole skeleton 1s a rare 
find, and soft tissue Impresslons are vanishinely rare. A Joke among people who reconstruct 
paleofauna 1s that 1f elephants had gone extinct way back when, anyone who dug up a mammoth 
skeleton today would conJure up a giant hamster with tusks, not a woolly pachyderm with a trunk. 
We©ˆd know Just as litle about the glorles of other ammals as well—stripes, waddles, lips, 
pofbellies, belly buttons, snouts, ø1zzards, four-chambered stomachs, and humps, not to mention theIr 
eyebrows, buttocks, toenaIls, cheeks, tongues, and mpples. Nevertheless, by comparing the ørooves 
and depressions on fossIlized bones with modern creatures” bones, a trained eye can figure out the 
musculature, enervatlon, size, galt denttion, and even mating habitsĩ of extinct specIes. 
PaleontologIsts Just have to be careful about extrapolating too far. 

A pathological sclence takes advantaøe of that caution. Basically, 1ts believers use the ambiguIty 
about evidence øs evidence—claiming that sclentists don”t know everything and therefore there”s 
room for my pet theory, too. That”s exactly what happened w1th manganese and the megalodon.* 

This story starts in 1S73, when the research vessel HMS Chailenger set out from England to 
explore the Pacific Ocean. In a wonderfully low-tech setup, the crew dropped overboard huge 
buckets tied to ropes three miles long and dredged the ocean floor. In addition to fantastical fish and 
other critters, they hauled up dozens upon dozens of spherical rocks shaped like fossilized potatoes 
and also fat, solid, mineralized Ice cream cones. These hunks, mostly manganese, appeared all over 
the seabed In every part ofthe ocean, meaning there had to be untold billions of them scattered around 
the world. 

That was the first surprise. The second took place when the crew cracked open the cones: the 
manganese had formed 1tself around giant shark teeth. The bIggest, most pItuifar1ly freakish shark teeth 
today run about two and a half Iinches max. The manganese-covered teeth stretched five or more 


1nches—mouth talons capable of shattering bone like an ax. Using the same basic techniques as with 


dinosaur fossils, paleontologists determined (just from the teeth!) that this Jaws”, dubbed the 
megalodon, ørew to approximately fiffy feet, weiphed approximately fiffy tons, and could swim 
approximately fifty miles per hour. It could probably close 1ts mouth of 250 teeth with a megaton 
force, and 1t fed mostly on primitive whales 1n shallow, tropical waters. It probably died out as 1s 
prey migrated permanently to colder, deeper waters, an environment that didnt suIt 1ts hiph 
metabolism and ravenous appetIte. 

All fine sclence so far. The pathology started with the manganese.* Shark teeth litter the ocean 
floor because theyˆre about the hardest biological substance known, the only part of shark carcasses 
that survive the crush of the deep ocean (most sharks have cartilagInous skeletons). It°s not clear why 
manganese, of all the dissolved metals In the ocean, galvamizes shark teeth, but sclentists know 
roughly how quickly 1t accumulates: between one-half and one and a half millimeters per millennium. 
From that rate they have determined that the vast maJorIfty of recovered teeth date from at least I.S 
million years ago, meaning the megalodons probably died out around then. 

But—and here was the gap Into which some people rushed—some megalodon tecth had 
mysterIously thin manganese plaque, about eleven thousand vears° worth. Evolutionarily, that's an 
awfully short time. And really, what's to say sclentIsts wont soon find one from ten thousand years 
ago? Or eight thousand years ago? Or later? 

You can see where this thnking leads. In the 1960s, a few enthuslasts wIth .Jurzassic Park 
1maginations ørew convinced that rogue megalodons still lurk 1n the oceans. “Megalodon lives!” they 
cried. And like rumors about Area 5T or the Kemnedy assassination, the legend has never quife died. 
The most common tale 1s that megalodons have evolved to become deep-sea divers and now spend 
their days fighting krakens In the black depths. Remimscent of Crookess phantoms, megalodons are 
supposed to be elusive, which gIves people a convenmient escape when pressed on why the giant 
sharks are so scarce nowadays. 

There”s probably not a person alrve who, deep down, doesnˆt hope that megalodons still haunt the 
seas. Unfortunately, the idea crumbles under scrutiny. Among other things, the teeth with thịn layers of 
manganese were almost certainly torn up from old bedrock beneath the ocean floor (where they 
accumulated no manganese) and exposed to water only recently. Theyˆre probably mụch older than 
eleven thousand years. And althouph there have been eyewlfness accounts of the beasts, they re all 
from sallors, notorious storytellers, and the megalodons 1n thetr storles vary manmically 1n size and 
shape. One all-white Moby Dick shark stretched up to three hundred feet long! (Funmny, thouph, no one 
thoupht to snap a pIcture.) Overall, such storles, as with Crookes”s testimony about supernatural 
beIngs, depend on subJective Interpretations, and wIthout obJecftIve evidence, 1fs not plausible to 
conclude that megalodons, even a few of them, sÏipped through evolutIon”s snares. 

But what really makes the ongoing hunt for megalodons pathological 1s that doubt from the 
establishment only deepens people”s convicflons. Instead of refuting the manganese findings, they 
counterattack w1th heroIc tales ofrebels, rogues who proved squaresville scIentists wrong 1n the past. 
They 1nvarlably bring up the coelacanth, a primitive deep-sea fish once thoupht to have gone extinct 
eiphty milllon years ago, until 1t turned up In a fish market In South Africa In 1938. According to this 
logic, because sclenfIsts were wrong about the coelacanth, they might be wrong about the megalodon, 
too. And “miphf” 1s all the megalodon lovers need. For their theorles about 1s survival aren”t based 
on a preponderance of evidence, but on an emotional attachmert: the hope, the need, for something 
fantastic to be true. 

Thereˆs probably no better example of such emotion than 1n the next case study——that all-time- 


øreat pathological sclence, that Alamo for true believers, that seductress of futurIsts, that sclentific 
hydra: cold fusion. 


Pons and Fleischmamn. FleIschmamn and Pons. lt was supposed to be the greafest scIentific duo since 
Watson and Crick, perhaps stretching back to Marie and Plerre Curie. Instead, their fame rotted Into 
infamy. Now the names B. Stanley Pons and Martin Fleischmamn evoke only, however unfairly, 
thoughts of1mpostors, swIndlers, and cheats. 

The experiment that made and unmade Pons and Fleischmamn was, so to speak, deceptively 
simple. The two chemnsts, headquartered at the Umversity of Utah 1n 1969, placed a palladium 
electrode 1n a chamber of heavy water and turned on a current. Running a current throuph regular 
water wIll shock the H;O and produce hydrogen and oxygen gas. Something similar happened In the 


heavy water, except the hydrogen 1n heavy water has an extra neutron. So Instead of normal hydrogen 
gas (H›) with two protons total, Pons and FleIschmam created molecules of hydrogen gas with two 


profons and two neufrons. 

What made the experiment speclal was the combination of heavy hydrogen with palladium, a 
whitish metal with one flabbergasting property: 1t can swallow nine hundred times 1fs own volume of 
hydrogen gas. That's roughly equivalent to a 250-pound man swallowing a dozen African bull 
elephantsŠ and not gaIming an Inch on his waIstline. And as the palladium electrode 1n the heavy water 
started to pack In hydrogen, Pons and FleIschmamnˆs thermometers and other 1nstrumenfs spIked. The 
water got far warmer than 1t should have, than 1t cowi/d have, ø1ven the meager energy of the Incoming 
current. Pons reported that during one really good spIke, his superheated H;O burned a hole In a 


beaker, the lab bench beneath 1t, and the concrete floor beneath that. 

Ơr at least they got spIkes sometimes. Overall, the experIment was erratic, and the same setup and 
trial runs didnˆt always produce the same results. But rather than nail down what was happening with 
the palladIium, the two men let theIr fancles convince them they had discovered cold fusion—fusion 
that didnt require the I1ncredible temperatures and pressures of stars, but took place at room 
temperature. Because palladium could cram so much heavy hydrogen I1nside 1t, they guessed 1t 
somehow fused 1fs protons and neutrons 1nto helium, releasing øobs of energy 1n the process. 

Rather Imprudertly, Pons and Fleischmam called a press conference to announce theIr results, 
basically implying that the world”s energy problems were over, cheaply and wIthout pollution. And 
somewhat like palladIium 1fself, the media swallowed the grandlose claim. (lIt soon came out that 
another Utahan, physicIst Steven Jones, had pursued similar fusion experImenfs. Jones fell Into the 
background, however, since he made more modest claims.) Pons and Fleischmamn became Instant 
celebrifies, and the momentum of publIic opInion appeared to sway even scIenfIsts. At an American 
Chemical SocIety meeting shortly after the announcemert, the duo received a standing ovation. 

But there's some 1mportant context here. In applauding Fleischmamn and Pons, many sclentIsfs 
were probably really thinking about superconductors. Until 1986, superconductors were thoupht to be 
flat-out Iimpossible above —400°F. Suddenly, two German researchers—who would win the Nobel 
Prize In record time, a year later—discovered superconductors that worked above that temperature. 
Other teams Jumped 1n and within a few months had discovered “high-temperature” yttrIum 
superconductors that worked at —280°E. (The record today stands at —218°E.) The poInt 1s that many 
sclentists who”d predicted the 1mpossibility of such superconductors felt like asses. It was the 
physics equivalent of finding the coelacanth. And like megalodon romantics, cold-fusion lovers 1n 
1989 could point to the recent superconductfor crazIness and force normally dismissIve scIenfIsfs to 


suspend Judgmert. Indeed, cold-fusion fanatics seemed giddy at the chance to overthrow old dogma, a 
delirium typical ofpathological scIence. 

Still, a few skeptics, especlally at Cal Tech, seethed. Cold fusion upset these mens sclentific 
sensIbilitiles, and Pons and FleIschmamn”s arrogance upset their modesty. The two had bypassed the 
normal peer-review process 1n announcIng results, and some considered them charlatans 1ntent on 
enriching themselves, especially after they appealed directly to President George H. W. Bush for $25 
million 1n Immediate research funds. Pons and Fleischmamn didn”t help matters by refusing to answer 
—aS 1Ÿ such 1nquirIles were I1nsultinge—questlons about their palladium apparatus and experimertal 
protocol. They claimed they didnˆt want theIr Ideas to be stolen, but 1t sure looked as 1f they were 
hiding something. 





Despite withering dismissals from nearly every other scienfist on earth, Stanley Pons and Mlartin 
Fleischmann claimed they had produced cold ƒusion at room temperature. Their qpparafus 
consisted oƒa heavy-water bath with electrodes made oƒ the superabsorbent element palladium. 
(Secial Collections Departmert, .J}. Willard MlarriofI Library, University oƒ Utah) 


Nevertheless, Iincreasingly doubtful scIentists across the world (except In Italy, where yet another 
cold-fusion claim popped up) learned enough from what the two men said to rig up their own 
palladium and heavy-hydrogen experimerfs, and they began pummeling the Utah sclentists with null 
results. A few weeks later, afler perhaps the most concerted effort since Galileo to discredit, even 
disgrace, sclIenfists, hundreds of chemnsfs and physIcists held what amounted to an ant-Pons and 
Fleischmam rally in Baltmore. They showed, embarrassinply, that the duo had overlooked 
experimertal errors and used faulty measuring techniques. One scIentist sugøested that the two had let 
the hydrogen gas build up and that theIr biggest “fusion” spikes were chemical explosions, à la the 
Hindenburg. (The supposed fusion spIke that burned holes 1n the table and bench happened overnipht, 


when no one was around.) Usually 1t takes years to root out a sclenfific error, or at least to resolve a 
confroversial question, but cold fusion was cold and dead withn forty days of the 1miial 
announcement. One wag who attended the conference summed up the brouhaha In biting, 1Í 
unrhythmical, verse: 


Tens oƒ millions oƒ dollars at stake, Dear Brother 
Becquse some scienfists put a thermormeter 
Át one pÏace and not another. 


But the psychologically 1nteresting parts of the affatlr were still to come. The need to believe 1n 
clean, cheap energy for the whole world proved tenaclous, and people could not still their 
heartstrines so quickly. At this poInt, the sclence mufated Into something pathological. As with 
1nvesfigaflons 1nto the paranormal, only a guru (the medium, or FleIschmamn and Pons) had the power 
to produce the key results, and only under contrived cIrcumstances, never 1n the open. That didn”t 
øIve pause to and 1n fact only encouraged cold-fusion enthuslasts. For thetr part, Pons and 
Fleischmamn never backed down, and therr followers defended the two (not to mention themselves) as 
1mportant rebels, the only people who gøứ 7/. Some crItics countered with their own experImentfs for a 
while after 1989, but cold fusiomsts always explained away any damming results, sometIimes with 
more 1ngenuity than they showed In thetIr orIginal sclentific work. So the crifics eventualÏy gave up. 
David Goodstein, a Cal Tech physicIst, summed things up 1n an excellent essay on cold fusion: 
“Because the Cold-Fusioners see themselves as a commumty under siege, there 1s little Internal 
cr1fIcism. Experiments and theor1es tend to be accepted at face value, for fear of providing even more 
fuel for external critics, 1ƒ anyone oufside the øroup was bothering to listen. In these cIrcumstances, 
crackpots flourish, making matters worse for those who believe that there 1s serlous scIence øoIng on 
here.” It's hard to Imagine a better, more concIse descrIption of pathological scIence.* 

The most charitable explanation of what happened to Pons and Fleischmam 1s this. Ïlt seems 
unlikely they were charlatans who knew that cold fusion was bunkum but wanted a quIck score. lt 
wasn't I789, where they could have Just skedaddled and scammed the rubes In the next town Over. 
They were goIng to get caupht. Maybe they had doubts but were blinded by ambition and wanted to 
see what 1t felt like to be brilliant in the world”s eyes, even for a momert. Probably, thouph, these two 
men were Just misled by a queer property of palladium. Even today, no one knows how palladium 
øuzzles so much hydrogen. In a s//øh/ rehabrlitation of Pons and FleIschmamn”s work (thouph not thetr 
Interpretation of 1), some scIentists do think that something fumny 1s going on 1n palladtum-heavy 
wafer experIments. Strange bubbles appear 1n the metal, and 1ts atoms rearrange themselves 1n novel 
ways. Perhaps even some weak nuclear forces are 1nvolved. To their credit, Pons and Fleischmamn 
pIoneered this work. It”s Just not what they wanted to, or wIÏll, go down 1n scIence history for. 


Not every sclIentist with a touch of madness ends up drowning In pathological sclence, of course. 
Some, like Crookes, escape and go on to do preat work. And then there are the rare cases where what 
seems like pathological sclence at the oufset turns out to be legitimate. Wilhelm Röntgen tried his 
damnedest to prove himself wrong while pursuing a radical discovery about 1nvisible rays, but 
couldn't. And because of his persisfence and 1nsIstence on the scIentific method, this mentally fragile 
scIenfist really did rewrite hIstory. 


In November 1895, Röntgen was playIng around In his laboratory In central Germany with a 
Crookes tube, an Imporfant new tool for studyIng subatomic phenomena. Named affer 1s Inventor, you 
know who, the Crookes tube consisted of an evacuated glass bulb with two metal plates Inside at 
eIther end. Rumning a current between the plates caused a beam to leap across the vacuum, a crackle 
of light like something from a special effects lab. ScIentists now know 1t”s a beam of electrons, but 1n 
1895 Röntgen and others were tryIng to figure that out. 

A colleague of Röntgen's had found that when he made a Crookes tube with a small aluminium 
foll wIindow (reminiscent of the titamum wIindow Per-Ingvar Brảänemark later welded onto rabbit 
bones), the beam would tunnel through the fol 1nto the air. It died pretty quickly—alr was like polson 
to the beam——but 1t could light up a phosphorescent screen a few 1nches distant. A little neurotically, 
Röntgen Insisted on repeating all his colleagues” experimenfs no matter how mnnor, so he buiÏt thịs 
setup himself in 1§95, but with some alterations. Instead of leaving his Crookes tube naked, he 
covercd 1t with black paper, so that the beam would escape only through the foil. And Instead of the 
phosphorescing chemicals his colleague had used, he painted his plates with a luminescent bariun 
compound. 

Accounts of what happened next vary. As Röntgen was running some tests, making sure his beam 
Jumped between the plates properly, something caught his attention. Most accounfs say 1t was a pIece 
of cardboard coated with barium, which he”d propped on a nearby table. Other contemporary 
accounfs say 1t was a pIece of paper that a student had finger-painted with barium, playfully drawIng 
the letter 44 or S. Regardless, Röntgen, who was color-blind, would have seen Just a dance of white 
on the edge of his vision at first. But every time he turned the current on, the barIum plate (or the 
letter) glowed. 

Röntgen confirmed that no light was escaping from the blackened Crookes tube. Heˆd been siftting 
in a dark lab, so sunshine couldn”t have caused the sparkle either. But he also knew the Crookes 
beams couldnt survive long enouph In aIr to Jump over to the plate or letter. He later admitted he 
thought he was hallucinatine—the tube was clearly the cause, but he knew of nothing that could warp 
throuph opaque black paper. 

So he propped up a barIum-coated screen and put the nearest obJects at hand, like a book, near the 
tube to block the beam. To his horrified amazemert, an outline of a key he used as a bookmark 
appeared on the screen. He could somehow see fhrough things. He tried obJectfs In closed wooden 
boxes and saw throuph those, too. But the truly creepy, truly black-magic moment came when he held 
up a plug of metal—and saw the bones of his own hand. At this point, Röntgen ruled out mere 
hallucination. He assumed heˆd gone stark mad. 

We© can lauph today at his gefting so worked up over discovering X-rays. But notice his 
remarkable atitude here. Instead of leaping to the convemient conclusion that he*d discovered 
something radically new, Rönftgen assumed he*d made a mistake somewhere. Embarrassed, and 
determined to prove himself wrong, he locked himself In his lab, 1solating himself for seven 
unrelenting weeks In his cave. He dismissed his assistants and took his meals grudginply, gulpIing 
down food and grunting more than talking to his family. Unlike Crookes, or the megalodon hunters, or 
Pons and FleIschmamn, Röntgen labored heroically to fit his findings 1n with known physics. He 
didnˆt want to be revolufIonary. 

Iromcally, though he dịd everything to skirt pathological sclence, Röntgen's papers show that he 
couldnˆt shake the thoupht he had gone mad. Moreover, his mutfering and his uncharacferIstic temper 
made other people question his samity. He Jokingly said to his w1Ife, Bertha, “lm doing work that wIll 
make people say, “Old Röntgen has gone crazy! ” He was fifty then, and she must have wondered. 


Still, the Crookes tube lit up the barrium plates every time, no matter how much he disbelieved. So 
Röntgen began documenting the phenomenon. Again, unlike the three pathological cases above, he 
dismissed any fleeting or erratic effects, anything that might be considered subJective. He soupht only 
obJective results, like developed photographic plates. At last, sliphtly more confident, he broupht 
Bertha I1nto the lab one afiernoon and exposed her hand to the X-rays. Upon seeing her bones, she 
freaked out, thinking 1t a premomition of her death. She refused to go back Into his haunted lab after 
that, but her reaction broupht immeasurable relief to Röntgen. PossIbly the most loving thing Bertha 
ever did for hìm, 1t proved he hadn”t Iimagined everything. 

At that point, Röntgen emerged, haggard, from his laboratory and Iinformed his colleagues across 
Europe about “röntgen rays.” Naturally, they doubted him, Just as theyˆ”d scorned Crookes and later 
scIentists would scorn the megalodon and cold fusion. But Röntgen had been patient and modest, and 
every time someone objected, he countered by sayIng heˆ*d already 1nvestigated that possibility, until 
his colleagues had no more obJections. And herein lies the uplifting side to the normally severe tales 
Of pathologIical scIence. 





This early X-ray revealed the bones and impressive ring oƒ Bertha Rontgen, wiƒe oƒ Wilhelm 
Romtgen. Wilhelm, who ƒeared he d gone mad, was relieved when his wiƒe also saw the bones oƒ 
her hand on a barium-coafted piate. She, less sanguine, thoughf it an omen oƒ death. 


ScIenfists can be cruel to new 1deas. One can Imagine them askIng, “What sort of “mystery beams” 
can fly 1nvisibly through black paper, Wilhelm, and lipht up the bones 1n your body? Bah.” But when 
he foupht back with solid proof, with repeatable experIiments, most overthrew their old 1deas to 
embrace his. Though a middling professor his whole life, Röntgen became every sclenfIsfs hero. In 
1901, he won the Inaugural Nobel Prize in Physics. Two decades later, a physicIst named Henry 
Moseley used the same basic X-ray setup to revolutiomze the study ofthe periodic table. And people 
were still so smiften a century later that in 2004, the largest official element on the periodic table at 
the time, number Ï I I, long called unununium, became roenteenium. 








Chermmisfry Way, Way Below Zero 





Röntgen not only provided an example of brilliantly meticulous sclence; he also reminded scIenfists 
that the periodic table 1s never empty of surprIses. There”s always something novel to discover about 
the elements, even today. But with most of the easy pIckings already plucked by Röntgen's time, 
making new discoveries required drastic measures. Sclentists had to 1nterrogate the elemenfs under 
Increasinely severe conditions—especially extreme cold, which hypnotlzes them Into strange 
behaviors. Extreme cold doesn't always portend well for the humans makIng the discoverles eIther. 
Whnile the latter-day heirs of LewIs and Clark had explored much of Antarctica by 1911, no human 
beIng had ever reached the South Pole. Inevitably, this led to an epIc race among explorers to get 
there first—which led Just as Inevitably to a grim cautlonary tale about what can øo wrong with 
chemistry at extreme temperatures. 

That year was chilly even by Antarctic standards, but a band of pale Englishmen led by Robert 
Falcon Scott nonetheless determined that they would be the first to reach ninety degrees south latitude. 
They organmized their dogs and supplies, and a caravan set offin November. Much ofthe caravan was 
a support team, which cleverly dropped caches of food and fuel on the way out so that the small final 
team that would dash to the pole could retrieve them on the way back. 

Litle by little, more of the caravan peeled off, and finally, after slogsing along for months on foot, 
five men, led by Scott, arrived at the pole 1n January I912—only to find a brown pup tent, a 
Norweglan flag, and an amnoyinply friendly letter. Scott had lost out to Roald Amundsen, whose team 
had arrived a month earlier. Scott recorded the momert curtly 1n his diary: ““The worst has happened. 
AII the daydreams must go.” And shortly afterward: “Great GodÏ 'This 1s an awful place. Now for the 
run home and a desperate strugsle. [ wonder 1fwe can do 1t.” 

DeJected as Scotf's men were, theIr return trip would have been difficult anyway, but Antarctica 
threw up everything 1t could to punish and harass them. They were marooned for weeks 1n a monsoon 
Of snow flurries, and their Journals (discovered later) showed that they faced starvatlon, scurvy, 
dehydration, hypothermia, and gangrene. Most devastating was the lack of heating fuel. Scott had 
trekked through the Arctic the year before and had found that the leather seals on his camisters of 
kerosene leaked badly. Heˆd routinely lost half of his fuel. For the South Pole run, his team had 
experimented with tin-enriched and pure tin solders. But when his bedraggled men reached the 
Camisters awaiting them on the return trip, they found many of them empty. In a double blow, the fuel 
had often leaked onto foodstuffs. 

Without kerosene, the men couldnˆt cook food or melt 1ce to drink. One of them took 1ll and died; 
another wernt I1nsane 1n the cold and wandered off. The last three, Including Scotft, pushed on. They 
oficially died of exposure 1n late March 1912, eleven miles wide of the British base, unable to get 
through the last mphts. 

In his day, Scott had been as popular as NeIl Armstrong——Britons receIved news of his plight with 
gnashing of teeth, and one church even Insfalled stained-glass windows 1n his honor In 1915. As a 
result, people have always soupht an excuse to absolve him ofblame, and the periodic table provided 


a conveniert villain. Tin, which Scoft used as solder, has been a pr1zed metal since biblical times 
because 1£'s so easy to shape. Iromcally, the better metallurgists got at refimng tin and purifying 1t, the 
worse 1t became for everyday use. Whenever pure tin ftools or tin coIns or tin toys got cold, a whitish 
rust began to creep over them like hoarfrost on a wIndow 1n winter. The whife rust would break out 
1nto pustules, then weaken and corrode the tin, until 1t crunbled and eroded away. 

Dhnlike 1ron rust, this was not a chemical reaction. As scIentIsts now know, this happens because 
tin atoms can arrange themselves 1nside a solid In two different ways, and when they get cold, they 
shift from thetr strong “beta” form to the crumbly, powdery “alpha” form. To visualize the difference, 
Imagine stacking atoms 1n a huge crate like oranges. The bottom of the crate 1s lined with a single 
layer of spheres touching only tangentially. To fill the second, third, and fourth layers, you mipht 
balance cach atom right on top of one 1n the first layer. That”s one form, or crystal structure. Ór you 
mipht nestle the second layer of atoms 1nto the spaces between the atoms In the first layer, then the 
thrd layer 1nto the spaces between the atoms 1n the second layer, and so on. That makes a second 
crystal structure wIth a different density and different properties. These are Just two ofthe many ways 
to pack atoms together. 

What Scott's men (perhaps) found out the hard way 1s that an element”s atoms can spontaneousÌy 
shít from a weak crystal to a strong one, or vice versa. Usually 1t takes extreme conditions to 
promote rearrangemert, like the subterranean heat and pressure that turn carbon from graphite 1nto 
diamonds. Tin becomes protean at 56°E. Even a sweater evening In October can start the pustules 
rIsing and the hoarfrost creeping, and colder temperatures accelerate the process. Any abusIve 
treatment or deformation (such as dents from camisters beIng fossed onto hard-packed Ice) can 
catalyze the reaction, too, even 1n tin that 1s otherwIse 1mmune. Nor 1s this merely a topical defect, a 
surface scar. The condition 1s sometimes called tin leprosy because 1t burrows deep Inside like a 
disease. The alpha-beta shif can even release enough energy to cause audible sroaning——vividly 
called tin scream, although 1t sounds more like stereo sfatIc. 

The alpha-beta shift of tín has been a convenient chemical scapegoat throughout history. Var1ous 
European ciItles with harsh wInters (e.g., St. Petersburg) have legends about expensive tin pIpes on 
new church organs exploding 1nto ash the 1nstant the organmist blasted his first chord. (Some pIous 
cIfiZens were more apt to blame the Devil.) Of more world historical consequence, when Napoleon 
stupidly aftacked Russia during the winter of 1812, the tin clasps on his men”s Jackets reportedly 
(many historlans dispute this) cracked apart and left the Frenchmen”s Inner garments exposed every 
time the wind kicked up. As with the horrible circumstances faced by Scotft's little band, the French 
army faced long odds In Russla anyway. But element fifty's changeling ways perhaps made things 
tougher, and Impartial chemistry proved an easter thing to blame than a heroˆs bad Judgmert. 

There's no doubt Scottfs men found empty camsters—that's In his diary—but whether the 
disintepration of the tin solder caused the leaks 1s disputed. Tin leprosy makes so mụuch sense, yet 
canmisters from other teams discovered decades later retained their solder seals. Scott did use purer 
tin—althouph 1t would have to have been extremely pure for leprosy to take hold. Yet no other good 
explanation besides saboftage exIsts, and there”s no evidence of foul play. Regardless, Scott's litfle 
band perished on the 1ce, victIms at least In part ofthe periodic table. 


Quirky things happen when matfer gets very cold and shiffs from one sfate to another. Schoolchildren 
learn about Just three 1nterchangeable states of matter——solid, liquid, and gas. Hiph school teachers 
offten toss 1n a fourth state, pÏasma, a superheated condition 1n stars 1n which electrons detach from 


their nuclelc moorIngs and go roamnng.Š In college, studenfs get exposed fo superconductors and 
superfluid helium. In øraduate school, professors sometimes challenge students with states such as 
quark-gluon plasma or degenerate matter. And along the way, a few wIseacres always ask why Jell-O 
doesnt count as 1fs own special state. (The answer? Colloids like Jell-O are blends of two states.* 
The water and gelatin mixture can either be thoupht of as a hiphly flexible solid or a very sluggIsh 
liquid.) 

The poInt 1s that the universe can accommodate far more states of matter—different micro- 
arrangemernts of particles——than are dreamed of1n our provincial categories of solid, liquid, and gas. 
And these new sfates arent hybrids like Jell-O. In some cases, the very distinction between mass and 
energy breaks down. Albert Einstein uncovered one such state while fiddling around with a few 
quantum mecharmics equations 1n 1924——then dismissed his calculations and disavowed his theoretical 
discovery as too b1zarre to ever exIst. lt remained 1mpossIble, 1n fact, until someone made 1t in 1995. 

In some ways, solids are the most basic state of matter. (To be scrupulous, the vast maJorIfy of 
every atom sifs empty, but the ultra-quick hurry of electrons gIves atoms, to our dull senses, the 
persIstent 1llusion of solidity.) In solids, atoms line up 1n a repetifive, three-dimensional array, though 
even the most blasé solids can usually form more than one type of crystal. ŠcIenfIsfs can now coax Ice 
Iinto forming fourteen distinctly shaped crystals by using hiph-pressure chambers. Some Ices sink 
rather than float in water, and others form not six-sided snowflakes, but shapes like palm leaves or 
heads of cauliflower. One alien Ice, lce X, doesnt melt until 1t reaches 3,700°FE. Even chemicals as 
Impure and complicated as chocolate form quasI-crystals that can shift shapes. Ever opened an old 
Hershey's KIss and found 1t an unappetizing tan? We mipht call that chocolate leprosy, caused by the 
same alpha-beta shifts that doomed Scotft in Anfarctica. 

Crystalline solids form most readily at low temperatures, and depending on how low the 
temperature gefs, elemenfs you thought you knew can become almost unrecogmizable. Even the aloof 
noble gases, when forced Into solid form, decide that huddling together w1th other elemenfs 1sn”t such 
a bad Idea. Violating decades of dogma, Canadian-based chemist Neil Bartlett created the first noble 
gas compound, a solid orange crystal, with xenon 1n 1962.* Admittedly, this took place at room 
temperature, but only with platinum hexafluoride, a chemical about as caustic as a superacid. Plus 
xenon, the largest stable 1nert gas, reacts far more easily than the others because 1s electrons are onÌy 
loosely bound to 1fs nucleus. To get smaller, closed-rank noble gases to react, chemnists had to 
drastically screw down the temperature and basically anesthetize them. Kryptfon put up a good fipht 
until about —240°F, at which poInt super-reactive fluorine can latch onfo 1t. 

Getting krypton to react, thouph, was like mixing baking soda and vinegar compared with the 
strugsle to praf† something onto argon. After Bartlett's xenon solid in 1962 and the first krypton solid 
1n 19643, 1t took thirty-seven frustrating years until FIinnish sclentists finally pieced together the ripht 
procedure for argon 1n 2000. lí was an experiment of Fabergé delicacy, requiring solid argon; 
hydrogen gas; fluorine gas; a hiphly reactive starter compound, cesium 1odide, to get the reaction 
goIng; and well-timed bursts ofultraviolet lipht, all set to bake at a frigid —445°E. When things got a 
litle warmer, the argon compound collapsed. 

Nevertheless, below that temperature argon fiuorohydride was a durable crystal. The Finmsh 
scIentIsts announced the feat In a paper with a refreshingly accessIble tifle for a sclentiflc work, “A 
Stable Argon Compound.” SimpÌy announcing what theyˆd done was bragging enough. ScIentIsts are 
confident that even 1n the coldest reglons of space, tiny helium and neon have never bonded with 
another element. So for now, argon wears the title belt for the single hardest element humans have 
forced 1nto a compound. 





Given argon”s reluctance to change 1ts habits, forming an argon compound was a major feat. Still, 
sclentists don”t consider noble øas compounds, or even alpha-beta shifts In tin, truly different states 
of matter. Different states require appreclably different energles, Iin which atoms Inferact 1n 
appreciIably different ways. Thats why solids, where atoms are (mosfly) fixed 1n place; liquids, 
where particles can flow around each other; and gases, where particles have the freedom to carom 
about, are distinct states of matfer. 

Still, solids, liquids, and gases have lots 1n common. For one, thetr particles are well-defined and 
discrete. But that sovereignty øIves way to anarchy when you heat things up to the plasma state and 
atoms start to disinteprate, or when you cool things down enouph and collectivist states of mafter 
emerge, where the particles begin to overlap and combine In fascInating ways. 

Take superconductors. Electriclty consists of an easy flow of electrons In a circuit. Inside a 
copper wIre, the electrons flow between and around the copper atoms, and the wIre loses energy as 
heat when the electrons crash Into the atoms. Obviously, something suppresses that process 1n 
superconductors, since the electrons flowing through them never flag. In fact, the current can flow 
forever as long as the superconductor remains chilled, a property first detected 1n mercury at —450°F 
1n [911. For decades, most sclentists assumed that superconducting electrons simply had more space 
{o maneuver: afoms 1n superconductors have much less energy to vibrate back and forth, giving 
electrons a wider shoulder to slip by and avoid crashes. That explanation”s true as far as 1t øoes. But 
really, as three sclentists fipgured out 1n 1957, 1f's electrons themselves that metamorphose at low 
temperafures. 

When zooming past atoms In a superconductor, electrons tug at the atoms” nuclel. The posItive 
nuclei drift sliphtly toward the electrons, and this leaves a wake of higher-denstfy positIve charge. 
The higher-density charge attracts other electrons, which In a sense become paired with the first. It”s 
not a strong coupling between electrons, more like the weak bond between argon and fluorine; that”s 
why the coupling emerges only at low temperatures, when atoms arent vibrating too much and 
knocking the electrons apart. At those low temperatures, you camnot think of electrons as 1solated; 
theyˆre stuck together and work 1n teams. And during their circuit, 1ƒ one electron gets gummed up or 
knocks Into an atom, 1fs partners yank 1t through before 1t slows down. Its like that old 1llegal 
football formation where helmetless players locked arms and stormed down the field—a flyIng 
electron wedge. This microscopIc state translates to superconductivity when billions of billions of 
parrs all do the same thing. 

Incidenfally, this explanation 1s known as the BCS theory of superconductivity, after the last names 
of the men who developed 1t: John Bardeen, Leon Cooper (the electron parftners are called Cooper 
parrs), and Robert Schrieffer.* Thats the same John Bardeen who coIinvented the germanium 
transistor, won a Nobel Prize for 1t, and dropped his scrambled eggs on the floor when he heard the 
news. Bardeen dedicated himself to superconductivity after leaving Bell Labs for Ilinois 1n 1951, 
and the BCS trio came up with the full theory six years on. lt proved so øgood, so accurate, they shared 
the 1972 Nobel Prize in Physics for their work. This time, Bardeen commemorated the occasion by 
missing a press conference at his university because he couldn't figure out how to get his new 
(transistor-powered) electric garage door open. But when he visited Stockholm for the second time, 
he presented his two adult sons to the king of Sweden, Just as he”d promised he would back In the 
fifties. 


If elements are cooled below even superconducting temperatures, the atoms ørow so loopy that they 


overlap and swallow each other up, a state called coherence. Coherence 1s crucial to understanding 
that ImpossIble EInsteInmian state of matter promised earlier 1n this chapter. Understanding coherence 
requires a short but thankfully element-rich detour Into the nature of light and another once 1mpossIble 
1nnovation, lasers. 

Few things delipht the odd aesthetic sense of a physicist as mụuch as the ambiguity, the two-In- 
oneness, of lipht. We normally think of lipht as waves. In fact, EInstein formulated his special theory 
Of relativ1ty 1n part by thinking about how the unverse would appear to him—what space would look 
like, how time would (or wouldn”t) pass——1f he rode sidesaddle on one of those waves. (Donit ask 
me how he Imagined this.) At the same time, Einstein proved (he”s ubiquifous 1n this arena) that light 
sometimes acts like particle BBs called photons. Combining the wave and particle views (called 
wave-particle duality), he correctly deduced that light 1s not only the fastest thing 1n the universe, 1f”s 
the fastest possible thing, at 186,000 miles per second, 1n a vacuum. Whether you detect lipht as a 
wave or photons depends on how you measure 1t, since lipht 1s neither wholly one nor the other. 

DespIte 1†s austere beauty 1n a vacuum, lipht øgets corrupted when 1t Interacts with some elements. 
Sodium and praseodymium can slow light down to 6 miles per second, slower than sound. Those 
elemenfs can even cafch light, hold on to 1t for a few seconds like a baseball, then toss 1t in a different 
đirection. 

Lasers mamipulate lipht 1n subtler ways. Remember that electrons are like elevators: they never 
rIse from level T to level 3.5 or drop from level 5 to level 1.8. Electrons Jump only between whole- 
number levels. When excited electrons crash back down, they JettIson excess energy as lipht, and 
because electron movement 1s so constrained, so too 1s the color of the lipht produced. Its 
monochromatIlc—at least 1n theory. In practice, electrons 1n different atoms are simultaneously 
droppIng from level 3 to I, or 4 to 2, or whatever—and every đifferent drop produces a different 
color. Plus, different atoms emit lipht at different times. To our eyes, this lipht looks umform, but on a 
photon level, 1tˆs uncoordinated and Jumbled. 

Lasers cIrcumvernt that timing problem by limting what floors the elevator stops at (as do thetr 
Cousins, masers, which work the same way but produce non-visible light). The most powerful, most 
Impressive lasers today——capable of producIng beams that, for a fraction ofa second, produce more 
power than the whole United States——use crystals of yttrIum spIked w1th neodymum. Inside the laser, 
a strobe light curls around the neodymium-yttrrum crystal and flashes Iincredibly quickly at incredIbly 
hiph Intensitles. Thịs 1nfusion of light excites the electrons 1n the neodymium and makes them Jump 
way, way higher than normal. To keep with our elevator bịt, they mipht rocket up to the tenth floor. 
Suffering vertigo, they Immediately ride back down to the safety of, say, the second floor. Unlike 
normal crashes, thouph, the electrons are so disturbed that they have a breakdown and don't release 
their excess energy as lipht; they shake and release 1t as heat. Also, relieved at being on the safe 
second floor, they get off the elevator, dawdle, and donˆt bother hurrying down to the pround floor. 

In fact, before they can hurry down, the strobe lipht flashes again. This sends more of the 
neodymiumns electrons fÏying up to the tenth floor and crashing back down. When this happens 
repeatedly, the second floor gefs crowded; when there are more electrons on the second floor than the 
first, the laser has achieved “population Inversion.” At this point, 1f any dawdling electrons do Jump 
to the pround floor, they disturb their already skittish and crowded neighbors and knock them over the 
balcony, which In turn knocks others down. And notice the simple beauty of ths: when the 
neodymium electrons drop this time, theyˆre all droppIng from two to one at the same time, so they all 
produce the same color of light. This coherence 1s the key to a laser. The rest of the laser apparafus 
cleans up lipht rays and hones the beams by bouncIng them back and forth between two mirrors. But at 


that point, the neodymium-ytfrium crystal has done 1ts work to produce coherent, concentrated lipht, 
beams so powerful they can Induce thermonuclear fusion, yet so focused they can sculpt a cornea 
wIthout frying the rest of the eye. 

Based on that technological description, lasers may seem more engineering challenges than 
sclentific marvels, yet lasers—and masers, which historically came first—encountered real sclentIfic 
preJudice when they were developed In the 1950s. Charles Townes remernbers that even after he”d 
built the first working maser, senior sclIentists would look at hm wearily and say, Sorry, Charles, 
that”s ImpossiIble. And these werenˆt hacks——small-minded naysayers who lacked the Imagination to 
see the Next Big Thịng. Both John von Neumamn, who helped design the basic architecture of modern 
computers (and modern nuclear bombs), and Niels Bolr, who did as much to explain quantumn 
mechanics as anyone, dismissed Townes”s maser to his face as simply “not possIble.” 

Bolhr and von Neumamn blew 1t for a simple reason: they forgot about the duality of lipht. More 
specifically, the famous uncertainty principle of quantum mecharmics led them astray. Because Werner 
Heisenbergˆs uncertainty princIple 1s so easy to misunderstand——but once understood 1s a powerful 
tool for making new forms of matter——the next section w1Ïl unpack this little riddle about the universe. 


If nothing tickles physicIsts like the dual nature of light, nothing makes phystcIsts wInce like hearing 
someone expound on the uncertainty princIple In cases where 1t doesnˆt apply. Despite what you may 
have heard, 1t has (almostf) nothing to do with observers changing things by the mere act of 
observing. All the princIple says, 1n 1fs entirety, 1s th1s: 





ÂxÁp = 2> 
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That”s 1t. 

Now, 1 you translate quantum mechanics Into English (always risky), the equation says that the 
uncertainty in something's position (Ẩx) times the uncertainty in ifs speed and direction (is 
momentum, Âp) always exceeds or ¡s equal to the number “h divided by four times pi.” (The h stands 
for Planck”s constant, which 1s such a small number, about 100 trillion trillion tines smaller than one, 
that the uncertainty principle applies only fo tiny, tiny things such as electrons or photons.) In other 
words, 1ƒ you know a particle”s position very well, you camnot know 1fs momentum well at all, and 
VIC€ V€TSA. 

Note that these uncertainties arenˆt uncertainties about measuring thinøs, as 1f you had a bad ruler; 
theyˆre uncerfainties buiÏt into nature 1tself. Remember how lipht has a reversible nature, part wave, 
part particle? In dismissing the laser, Bohr and von Neumamn got stuck on the ways light acts like 
particles, or photons. To thelr ears, lasers sounded so precIse and focused that the uncertaInty 1n the 
photons” positions would be mÏ. That meant the uncertainty 1n the momentum had to be large, which 
meant the photons could be flyIng off at any energy or 1n any direction, which seemed to contradict the 
1dea ofa tightly focused beam. 

They forgot that light behaves like waves, foo, and that the rules for waves are different. For one, 
how can you tell where a wave 1s? By Ifs nature, 1t spreads out—a built-1n source ofuncertainty. And 
unlike particles, waves can swallow and combine with other waves. TWwo rocks thrown 1nto a pond 
wWIll kick up the highest crests In the area between them, which receIves energy from smaller waves 


on both sides. 

In the laser ˆs case, there aren”t two but trillions of trillilons of “rocks” (1.e., electrons) kicking up 
waves of light, which all mix together. The key poInt 1s that the uncertainty princIple doesn”t appÌy to 
sefs of parficles, only to 1ndividual particles. Within a beam, a set of light particles, 1's ImpossIble to 
say where any one photon 1s located. And with such a hiph uncertainty about each phofonˆs position 
Iinside the beam, you can chamnel 1ts energy and direction very, very precIsely and make a laser. This 
loophole 1s difficult to exploit but 1s enormously powerful once you ve øot your fingers I1nside I1t— 
which 1s why 77 magazIine honored Townes by naming hìm one of 1fs “Men of the Year” (along 
with Pauling and Segrè) In 1960, and why Townes won a Nobel Prize 1n 1964 for his maser work. 

In fact, sclentists soon realized that mụch more fit Inside the loophole than photons. Just as light 
beams have a dual particle/wave nature, the farther you burrow down and parse electrons and protons 
and other supposed hard particles, the fuzzler they seem. Matter, at 1ts deepest, most enipmatic 
quantum level, 1s indeterminate and wavelike. And because, deep down, the uncertainty princIple 1s a 
mathematical statement about the limits of drawing boundarles around waves, those particles fall 
under the aegIs ofuncertaInfy, too. 

Now agann, this works only on minute scales, scales where h, Planck”s constant, a number 100 
trillion tr1llion times smaller than one, 1snˆt considered small. What embarrasses physicIsts 1s when 
people extrapolate up and out to human beings and claim that ÂXâp 3 h/4f really “proves” you cannot 
observe something In the everyday world without changing 1t—or, for the heuristically daring, that 
obJectivIfy 1fself1s a scam and that scIentists fool themselves 1nto thinking they “know” anything. In 
truth, there's about only one case where uncertainty on a nanoscale affects anything on our 
macroscale: that outlandish state of matter—Bose-EInstein condensate (BEC) —promised earlier In 
this chapter. 

This story sfarts In the early 1920s when Satyendra Nath Bose, a chubby, bespectacled Indian 
physIcIst, made an error while working throuph some quantum mechamics equations during a lecture. 
lt was a sloppy, undergraduate boner, but 1t Intrigued Bose. Unaware of his mistake at first, he”d 
worked everything out, only to find that the “wrong” answers produced by his mistake agreed very 
well with experiments on the properties of photons——much better than the “correcf” theory.Š 

So as physIcIsts have done throughout history, Bose decided to pretend that his error was the truth, 
admt that he didn”t know why, and write a paper. His seeming mnstake, plus his obscurify as an 
Indian, led every established scIentific Journal 1n Europe to reJect 1t. Undaunted, Bose sent his paper 
đirectly to Albert Einstein. EInstein studied 1t closely and determined that Boseˆs answer was clever 
—It basically said that certain particles, like photons, could collapse on top of each other until they 
were 1ndistinguishable. Einstein cleaned the paper up a litde, translated 1t Into German, and then 
expanded Bose”s work Into another, separate paper that covered not Just photons but whole atoms. 
Using his celebrity pull, EInstein had both papers published Joinntly. 

In them, Einstein included a few lines pointing out that 1f atoms got cold enough—billions oftImes 
colder than even superconductors—they would condense I1nfo a new state of matter. However, the 
ability to produce atoms that cold so oufpaced the technoloøy of the day that not even far-thinkIing 
EInsten could comprehend the possibility. He considered his condensate a friIvolous cur1oSIty. 
Amazingly, sclenfisfs got a gÌimpse of Bose-EInstein matfer a decade later, 1n a type of superfluid 
helium where small pockets of atoms bound themselves together. The Cooper palrs of electrons 1n 
superconductors also behave like the BEC In a way. But this binding together 1n superffuids and 
superconductors was limited, and not at all like the state EinsteIn envIsioned——his was a cold, sparse 
mist. Regardless, the helrum and BCS people never pursued EInstein's conJecture, and nothing more 


happened with the BEC until 1995, when two clever scIenfists at the University of Colorado conJured 
some up with a gas ofrubidium atoms. 

Fiftinegly, one techmcal achievement that made real BEC possible was the laser—which was 
based on 1deas first espoused by Bose about photons. That may seem backward, since lasers usually 
heat things up. But lasers can cool atoms, too, 1f wIelded properly. On a fundamertal, nanoscopIc 
level, temperature Just measures the average speed of particles. Hot molecules are fuirious little 
clashing fists, and cold molecules drag along. So the key to cooling something down 1s slowlIng 1fs 
particles down. In laser cooling, scIenfists cross a few beams, Ghostbusters-like, and create a trap of 
“optical molasses.” When the rubidium atoms 1n the gas hurtled throuph the molasses, the lasers 
pInged them with low-Intensity photons. The rubidrium atoms were bigger and more powerful, so this 
was like shooting a machine gun at a screaming asteroid. S1ze disparities notw1thstanding, shooting an 
asteroid with enouegh bullets w1ll eventually halt it, and that*s exactly what happened to the rubidrunm 
atoms. After absorbing photons from all sides, they slowed, and slowed, and slowed some more, and 
theIr temperature dropped to Just 1/10,000 ofa degree above absolute zero. 

Stil, even that temperature 1s far too sweltering for the BEC (you can ørasp now why EiInsteIn 
Wwas So pessimistic). So the Colorado duo, Eric Cornell and Carl Wieman, incorporated a second 
phase of cooling in which a magnet repeatedly sucked off the “hottest” remaining atoms 1n the 
rubidium gas. This 1s basically a sophisttcated way of blowIng on a spoonful of soup——cooling 
something down by pushing away warmer atoms. With the energetic atoms gone, the overall 
temperature kept sinking. By doing this slowly and whisking away only the few hotfest atoms each 
time, the sclenfists plunged the temperature to a billionth ofa degree (0.000000001) above absolute 
zero. At this point, finally, the sample of two thousand rubidium atoms collapsed Into the Bose- 
EInstein condensate, the coldest, øooeyest, and most fragile mass the unverse has ever known. 

But to say “two thousand rubidium atoms” obscures what”s so special about the BEC. There 
weren't two thousand rubidium atoms as much as one giant marshmallow of a rubidIium atom. Ït was a 
singularity, and the explanation for why relates back to the uncertainty principle. Again, temperature 
Just measures the average speed of atoms. If the molecules” temperature dips below a billionth of a 
degree, that's not mụch speed at all _——meaning the uncertainty about that speed 1s absurdly low. Its 
basically zero. And because of the wavelike nature of atoms on that level, the uncertainty about theIr 
positilon must be quite large. 

So large that, as the two sclentists relentlessly cooled the rubidium atoms and squeezed them 
together, the atoms began to swell, distend, overlap, and finally disappear Into each other. Thịs lefft 
behind one large ghostly “atom” that, 1n theory (1f1t weren”t so fragile), might be capacIous enoueh to 
see under a microscope. That's why we can say that 1n this case, unlike anywhere else, the uncertainty 
prinnciple has swooped upward and affected something (almost) human-sized. It took less than 
$100,000 worth of equipmert to create this new state of matter, and the BEC held together for only 
ten seconds before combusting. But 1t held on long enouph to earn Cornell and WIleman the 2001 
Nobel Prize.Š 

As technoloøy keeps 1mproving, sclentists have goften better and better at inducing matter to form 
the BEC. It's not like anyone”s taking orders yet, but sclentists mipht soon be able to build “matter 
lasers” that shoot out ultra-focused beams of atoms thousands of times more powerful than lipht 
lasers, or construct “supersolid” 1ce cubes that can flow through each other wiIthout losing theIr 
solidity. In our scI-fi future, such things could prove every bit as amazIng as light lasers and 
superfluids have 1n our own pretty remarkable age. 


Spheres 0ƒ Splendor: The Sclence 0ƒ Bubbles 





Not every breakthrouph 1n periodic-table scIence has to delve Into exotic and Intricate states of mafter 
like the BEC. Everyday liquids, solids, and gases still yIeld secretfs now and then, 1f fortune and the 
scIentific muses collude 1n the ripht way. According to legend, as a matter of fact, one of the most 
1mportant pIeces of scIentific equIpmert In history was 1nvenfed not only over a ølass ofFbeer but by a 
ølass of beer. 

Donald Glaser——a lowly, thirsty, twenty-five-year-old Jumior faculty member who frequernted bars 
near the Unmiversity of Michigan—was sfaring one might at the bubbles streamnng through hIs lager, 
and he naturally started thinking particle physlcs. At the time, 1952, sclentists were using knowledge 
from the Manhattan ProJect and nuclear scIence fo conjure up exofic and fragile specles of particles 
such as kaons, muons, and plons, phostly brothers of famllar protons, neutrons, and electrons. 
Particle physIcIsts suspected, even hoped, that those particles would overthrow the perlodic table as 
the fundamental map of matfer, since theyˆd be able to peer even deeper 1nto subatomic caves. 

But to progress further, they needed a better way to “see” those 1nfimtesimal particles and track 
how they behaved. Over his beer, Glaser——who had short, wavy hair, glasses, and a high forehead—— 
decided bubbles were the answer. Bubbles In liquids form around Imperfections or 1nconeruIfIes. 
Microscopic scratches 1n a champagne glass are one place they form; dissolved pockets of carbon 
đioxide 1n beer are another. As a physicist, Glaser knew that bubbles are especially prone to form as 
liquids heat up and approach thetr boiling poInt (think of a pan of water on the sfove). In fact, 1Ý you 
hold a liquid Just below 1ts boiling pornt, 1t w1ll burst Iinto bubbles 1f anything agifates 1t. 

This was a good start but still basic physics. What made Glaser stand out were the next mental 
steps he took. Those rare kaons, muons, and pions appear only when an atoms nucleus, 1fs dense 
core, 1s splintered. In 1952, a device called a cloud chamber exIsted, in which a “gun” shot ultra-fast 
atomic forpedoes at cold gas atoms. Muons and kaons and so on sometimes appeared 1n the chamber 
after direct strikes, and the gas condensed 1nmto liquid drops along the particles” track. But substituting 
a liquid for the gas made more sense, laser thoupht. Liquids are thousands of times denser than 
Øases, so alming the atomic gun at, say, liquid hydrogen would cause far more collisions. Plus, 1f 
liquid hydrogen was held a shade below 1fs boiling point, even a little kick of energy from a ghostÌy 
particle would lather up the hydrogen like Glaser 's beer. Glaser also suspected he could photograph 
the bubble trails and then measure how different particles left different trails or spIrals, depending on 
theIr size and charge.... By the time he swallowed the final bubble 1n his own glass, the story øoes, 
Gilaser had the whole thing worked out. 

Its a story of serendiptty that sclentists have long wanted to believe. But sadly, like most legends, 
1ts not enftirely accurate. Glaser dịd Invent the bubble chamber, but through careful experimernftation 
in a lab, not on a pub napkin. Happily, thouph, the truth 1s even stranger than the legend. Glaser 
designed his bubble chamber to work as explained above, but w1th one modification. 





Depending on their size and charge, different subatomic particles make different swirls and 
spirals as they blast through a bubble chamber. The tracks are actually finely spaced bubbles In a 
ƒfrigid bath oƒ liquid hydrogen. (Courtesy o0 CERN) 


For Lord knows what reason—perhaps lingering undergraduate fascinaton—this young man 
decided beer, not hydrogen, was the best liquid to shoot the atomic gun at. He really thoupht that beer 
would lead to an epochal breakthrough In subatomic sclence. You can almost Imagine him smugsling 
BudwelIser Into the lab at mipht, perhaps splitting a six-pack between sclence and his stomach as he 
filled thimble-sized beakers with America”s finest, heated them almost to boiling, and bombarded 
them to produce the most exotIc particles then known to physIcs. 

nfortunately for sclence, Glaser later said, the beer experIimerts flopped. Nor did lab partners 
apprecIate the stink of vaporIzed ale. Undaunted, Glaser refined his experiments, and his colleague 
Lmis Alvarez——of dinosaur-killing-asteroid fame——eventually determined the most sensible liquid to 
use was 1n fact hydrogen. Liquid hydrogen boIls at —435°EF, so even minute amounts of heat w1ll make 
a froth. As the simplest element, hydrogen also avoided the messy complications that other elemenfts 
(or beer) might cause when particles collided. Glaser”s revamped “bubble chamber” provided so 
many 1nsiphfs so quickly that in 1960 he appeared among the fifteen “Men of the Year” 1n 77me 
magazIne with Linus Pauling, William Shockley, and Emilio Segrè. He also won the Nobel Prize at 
the disgustinely young age of thirty-three. Having moved on to Berkeley by then, he borrowed Edwin 
MecMIIIan and Segrèˆs white vest for the ceremony. 


Bubbles aren't usually counted as an essential sclentific tool. DespIte——or maybe because of—thetr 
ubiquify In nafure and the ease ofproducIng them, they were dismissed as toys for centuries. But when 
physics emerged as the dominant sclence 1n the I900s, physicIsfs suddenly found a lot of work for 
these toys 1n probing the most basic structures In the umiverse. Now that blology 1s ascendart, 
biologIsts use bubbles to study the development of cells, the most complex strucfures 1n the universe. 
Bubbles have proved to be wonderful natural laboratories for experImentfs 1n all fields, and the recent 
history of sclence can be read 1n parallel with the study ofthese “spheres of splendor.” 


One elemert that readIly forms bubbles——as well as foam, a state where bubbles overlap and lose 
their spherical shape——Is calcrum. Cells are to tissues what bubbles are to foams, and the best 
example of a foam structure 1n the body (besides salIva) 1s spongy bone. We usually think of foams as 
no sfurdier than shaving cream, but when certain air-Iinfused substances dry out or cool down, they 
harden and stiffen, like durable versions of bath suds. NASA actually uses special foams to protect 
space shutfles on reentry, and calcIum-enriched bones are similarly strong vet light. What”s more, 
sculptors for millenmia have carved tombstones and obelisks and false øods from pliable yet sturdy 
calcIum rocks such as marble and limestone. These rocks form when tiny sea creatures die and theIr 
calcIum-rich shells sink and pile up on the ocean floor. Like bones, shells have natural pores, but 
calcIum's chemistry enhances theIr supple strength. Most natural water, such as raIinwater, 1s sliphtly 
acidic, while calcium's minerals are sliphtly basic. When water leaks 1nto calcIums pores, the two 
react like a mini grade-school volcano to release small amounts of carbon dioxide, which soflens up 
the rock. Ôn a large and geological scale, reactlons between rainwater and calcIum form the huge 
CavIfties we know as caves. 

Beyond anatomy and art, calcrIum bubbles have shaped world economics and empIres. The many 
calcrum-rich coves along the southern coast of England aren't natural, but originated as limestone 
quarries around 5Š BC, when the limestone-loving Romans arrived. Scoufs sent out by Julius Caesar 
spofted an attractive, cream-colored limestone near modern-day Beer, England, and began chippIng 1t 
out to adorn Roman facades. English limestone from Beer later was used In building Buckingham 
Palace, the Tower of London, and Westminster Abbey, and all that missing stone left gapIng caverns 
1n the seaside clIffs. By 1800, a few local boys whoˆd ørown up sailing ships and playing tag In the 
labyrinths decided to marry the1r childhood pastimes by becoming smugelers, using the calc1um coves 
to conceal the French brandy, fiddles, tobacco, and s1lk they ran over from Normandy In fast cuffers. 

The smugslers (or, as they styled themselves, free traders) thrived because of the hateful taxes the 
English governmernt levied on French goods to spIte Napoleon, and the scarcity of the taxed 1tems 
created, 1nevitably, a demand bubble. Among many other thinøs, the 1nability of His Malesty”s 
expensIve coast guard to crack down on smugsling convinced Parliamert to liberalize trade laws In 
the 1840s—which broupht about real free trade, and with 1t the economic prosperIty that allowed 
Great Britain to expand 1fs never-darkening empIre. 

Given all this history, youˆ°d expect a long tradition of bubble sclence, but no. Notable minds like 
Benjammn Franklin (who discovered why oil calms frothy water) and Robert Boyle (who 
experImerted on and even liked to taste the fresh, frothy urine 1n his chamber pot) did dabble 1n 
bubbles. And primtive physlologIsts sometimes did thịngs such as bubbling gases Into the blood of 
half-living, half-dissected doøgs. But scIentists mostly Ipnored bubbles themselves, theIr structure and 
form, and left the study ofbubbles to fields that they scorned as 1ntellectually Inferlor——what might be 
called “tntuiive sclences.” Intuiive sclences arent pathological, merely fields such as horse 
breeding or gardenming that Investigate natural phenomena but that long relied more on hunches and 
almanacs than controlled experimernts. The 1ntuitive sclence that picked up bubbles research was 
cooking. Bakers and brewers had long used yeasts—prImitive bubble-making machines—to leaven 
bread and carbonate beer. But eIghteenth-century haute cuisine chefs 1n Europe learned to whIp egg 
whites Into vast, fuffy foams and began to experIiment with the meringues, porous cheeses, whipped 
creams, and cappuccInos we love today. 

Stil, chefs and chemists tended to distrust one another, chemnsts seeing cooks as undisciplined 
and unscIentific, cooks seeing chemists as sterile killJoys. Only around 1900 did bubble sclence 
coalesce Info a respectable field, though the men responsible, Ernest Rutherford and Lord Kelvin, had 


only dim 1deas of what their work would lead to. Rutherford, 1n fact, was mostly 1nterested 1n 
plumbing what at the tme were the murky depths ofthe periodic table. 

Shortly after moving from New Zealand to Cambridge Umiversity In 1895, Rutherford devoted 
himself to radioactivity, the genetics or nanotechnoloøy of the day. Natural vigorousness led 
Rutherford to experimernfal sclence, for he wasn't exactly a clean-fingernaIls guy. Having ørown up 
hunting quail and digøing pofatoes on a family farm, he recalled feeling like “an ass In lion”s skin” 
among the robed dons of Cambridge. He wore a walrus mustache, toted radioactive samples around 
in his pockets, and smoked foul cigars and pIpes. He was given to blurting out both werrd 
euphemsms——perhaps his devout Christian w1fe discouraged him from swearing——and also the bluest 
curses 1n the lab, because he couldnˆt help himself from damming his equipmert to hell when 1t didn”t 
behave. Perhaps to make up for his cursing, he also sang, loudly and quie off-key, “Onward, 
Christian Soldiers” as he marched around his dim lab. Despite that ogre-like description, 
Rutherford”s oufstanding scIentific trait was elegance. Nobody was better, possIbly 1n the history of 
Sclence, at coaxing nafure”s secrets out of physical apparatus. And thereˆs no better example than the 
elegance he used to solve the mystery of how one element can transform 1nto another. 

After moving from Cambridge to Montreal, Rutherford grew Interested 1n how radloactive 
substances contaminate the alr around them with more radlIoactivify. To 1nvestigate this, Rutherford 
bưilt on the work of Marle Curie, but the New Zealand hick proved cagier than his more celebrated 
female contemporary. According to Curie (among others), radioactive elements leaked a sort of øas 
Of “pure radloactivity” that charged the alr, Just as liphtbulbs flood the air with lipht. Rutherford 
suspected that “pure radioactivity” was actually an unknown øaseous element with 1s own 
radioactive properties. As a result, whereas CurIe spent months boiling down thousands of pounds of 
black, bubbling pitchblende to get mcroscopIc samples ofradIium and polonrium, Rutherford sensed a 
shortcut and let nature work for him. He simply lef active samples beneath an Inverted beaker to 
catch escaping bubbles of gas, then came back to fíind all the radioactive material he needed. 
Rutherford and his collaborator, Frederick Soddy, quickly proved the radioactive bubbles were 1n 
fact a new element, radon. And because the sample beneath the beaker shrank 1n proportion as the 
radon sample ørew 1n volume, they realized that one element actually mutated Into another. 

Not only did Rutherford and Soddy find a new element, they discovered novel rules for JumpIng 
around on the periodic table. Elements could suddenly move laterally as they decayed and skIp across 
spaces. This was thrilling but blasphemous. Sclence had finally discredited and excommunicated the 
chemical magiclans who”d claimed to turn lead Into gold, and here Rutherford and Soddy were 
opening the gate back up. When Soddy finally let himself belleve what was happening and burst out, 
“Rutherford, this 1s transmufation!” Rutherford had a ft. 

“For Mike”s sake, Soddy, ” he boomed. “Don”t call 1t transmutation. TheyˆlI have our heads ofŸ as 
alchemnsts!” 

The radon sample soon midwifed even more sfartling sclence. Rutherford had arbitrarily named 
the lite bits that ew off radioactive atoms alpha particles. (He also discovered beta particles.) 
Based on the wetIght differences between øenerations of decaying elemenfs, Rutherford suspected that 
alphas were actually helrum atoms breaking off and escaping like bubbles through a boiling liquid. Ií 
this was true, elements could do more than hop two spaces on the periodic table like pleces on a 
typIcal board game; 1f uranium emitted helium, elemenfs were JumpIng from one side of the table to 
the other like a lucky (or disastrous) move 1n Snakes & Ladders. 

To test this 1dea, Rutherford had his physics departmenfˆs glassblowers blow two bulbs. One was 
soap-bubble thin, and he pumped radon 1nfo 1t. The other was thicker and wider, and 1t surrounded the 


first. The alpha particles had enouph energy to tunnel through the first glass shell but not the second, 
so they became trapped 1n the vacuum cavity between them. After a few days, this wasnˆt muụch ofan 
experImernt, since the trapped alpha particles were colorless and didn”t really do anything. But then 
Rutherford ran a battery current throueh the cavity. If you”ve ever traveled to Tokyo or New York, 

you know what happened. Like all noble gases, helium glows when excited by electricity, and 
Rutherford”s mystery particles began glowing helium's characteristic øreen and yellow. Rutherford 
basically proved that alpha particles were escaped helium atoms with an early “neon” lipht. lt was a 
perfect example of his elegance, and also his belief1n dramatic sclence. 

With typical flarr, Rutherford amnounced the alpha-helilum comnectlon during his acceptance 
speech for the 1908 Nobel Prize. (In addition to wInning the pr1ze himself, Rutherford mentored and 
hand-trained eleven future pr1zew1mners, the last in 1978, more than four decades after Rutherford 
đied. It was perhaps the most 1mpressive feat of progeny since Genphis Khan fathered hundreds of 
children seven centurles earlier.) His findings 1ntoxicated the Nobel audience. Nevertheless, the most 
Iimmediate and practical applicaton of Rutherford's helium work probably escaped many 1n 
Stockholm. As a consummate experimentalist, however, Rutherford knew that truly great research 
didnt Just support or disprove a g1ven theory, but fathered more experImenfs. In particular, the alpha- 
helium experiment allowed him to pick the scab off the old theologtical-scientific debate about the 
true aøe ofthe earth. 

The first semi-defensible guess for that age came In 1650, when Irish archbishop James Ussher 
worked backward from “data” such as the begats list in the Bible (“... and Serug lived thirty years, 
and begat Nahor... and Nahor lived nne and twenty years, and begat Terah,” etc.) and calculated that 
God had finally øotten around to creating the earth on October 23, 4004 BC. Ussher did the best he 
could with the available evidence, but within decades that date was proved laughably late by most 
every sclentific field. Physicists could even pin precIse numbers on their guesses by using the 
equatlons of thermodynamics. Just as hot coffee cools down 1n a freezer, physicIsts knew that the 
carth constantly loses heat to space, which 1s cold. By measuring the rate of lost heat and 
extrapolating backward to when every rock on earth was molten, they could estimate the earth's date 
Of origin. The premier sclentist of the nineteenth century, William Thomson, known as Lord Kelvin, 
spent decades on this problem and 1n the late 1800s amnounced that the earth had been born twenty 
million years before. 

Ít was a triumph of human reasonine—and about as dead wrong as Ussher”s guess. By 1900, 
Rutherford among others recogmized that however far physics had outpaced other sclences 1n prestIøe 
and glamour (Rutherford himself was fond of sayIng, “In sclence, there 1s øz/y physics; all the rest 1s 
stamp collecting”——words he later had to eat when he won a Nobel Prize in Chemnstry), 1n this case 
the physics didnt feel ripht. Charles Darwin argued persuasively that humans could not have evolved 
from dumb bacterla 1n just twenty million years, and followers of Scottish øeologist James Hutton 
argued that no mounftains or canyons could have formed In so short a span. But no one could unravel 
Lord Kelvin”s formidable calculations until Rutherford started poking around 1n uramum rocks for 
bubbles of helium. 

Inside certailn rocks, uranmum atoms spit out alpha particles (which have two protons) and 
transmutate 1nto element nnety, thorIum. Thorium then begets radIum by spItting out another alpha 
particle. Radium begets radon with yet another, and radon begets polonum, and polonium begets 
stable lead. This was a well-known deterioration. But 1n a stroke of gemus akin to Glaser”s, 
Rutherford realized that those alpha particles, after beIng eJected, form small bubbles of helrum 
Iinside rocks. The key Insight was that heltum never reacts w1th or 1s attracted to other elemenfs. So 


unlike carbon dioxide 1n limestone, helium shouldnˆt normally be 1nside rocks. Any helium that 7s 
1nside rocks was therefore fathered by radioactive decay. Lots of helium 1nside a rock means that 1t”s 
old, while scant traces Indicate 1tˆs a younøster. 

Rutherford had thought about this process for a few years by 1904, when he was thirty-three and 
Kelvin was eiphty. By that age, despite all that Kelvin had contributed to sclence, his mind had 
fogged. Gone were the days when he could put forward excIfing new theorIes, like the one that all the 
elemenfs on the perlodic table were, at their deepest levels, twisted “knots of ether” of different 
shapes. Most detrimerftally to his sclence, Kelvin never could Incorporate the unsettling, even 
friphtening scIence of radIoactivIfy Into his worldview. (That's why Marle Curlie once pulled hìm, 
too, 1nto a closet to look at her øglow-In-the-dark element—to 1nstruct him.) In contrast, Rutherford 
realized that radioactivity In the earthˆs crust would generate extra heat, which would bollix the old 
manˆs theorIes about a simple heat loss Into space. 

Excited to present his ideas, Rutherford arranged a lecture 1n Cambridge. But however dotty 
Kelvin got, he was stlll a force In sclentific politics, and demolishing the old man's proudest 
calculation could 1n turn Jeopardize Rutherford's career. Rutherford began the speech wartly, but 
luckily, Just affer he started, Kelvin nodded off in the front row. Rutherford raced to get to his 
conclusions, but Just as he began knocking the knees out from under Kelvin's work, the old man sat 
up, refreshed and brIplht. 

Trapped onstage, Rutherford suddenly remembered a throwaway line heˆ”d read In Kelvinˆs work. 
It said, 1n typically couched scIentific language, that Kelvin”s calculations about the earth's aøe were 
COfrect /ess sorneone điscovered extra sources oƒ heaf 1nside the earth. Rutherford mentioned that 
qualification, pointed out that radioactivity might be that latent source, and with masterly spIn ad- 
libbed that Kelvin had therefore predicted the discovery of radioacftivity dozens of years earlIer. 
What gemus! The old man glanced around the audience, radiant. He thought that Rutherford was full 
Of crap, but he wasnˆt about to disregard the complimert. 

Rutherford laid low until Kelvin died, 1n 1907, then he soon proved the helium-uranmum 
comnection. And with no polIitics stopping him now——n fact, he became an eminent peer himself (and 
later ended up as sclentific royalty, too, with a box on the periodic table, element 104, rutherfordium) 
—the eventual Lord Rutherford got some primordial uramum rock, eluted the helium from 
microscopIc bubbles 1nside, and determined that the earth was at least 500 million years old— 
twenty-five times preater than Kelvin”s guess and the first calculation correct to w1thin a factor of ten. 
Withn years, øeologists with more experlence finessing rocks took over for Rutherford and 
determined that the heltum pockets proved the earth to be at least two billion years old. This number 
was still 50 percent too low, but thanks to the tiny, 1nert bubbles 1nside radioactive rocks, human 
beIngs at last began to face the astounding age of the cosmos. 


After Rutherford, digging for small bubbles of elements Inside rocks became standard work 1n 
eeoloøy. One especlally fruitfHlỦẦ. approach uses zircon, a mineral that contains zIrcomum, the 
pawnshop heartbreaker and knockoff Jewelry substitute. 

For chemical reasons, zIrcons are hardy——zIrconium sits below titamum on the periodic table and 
makes convincIng fake diamonds for a reason. Unlike soft rocks such as limestone, many zIrcons have 
survived since the early years of the earth, often as hard, poppy-seed graIns 1nside larger rocks. Due 
to their unque chemnstry, when zIrcon crystals formed way back when, they vacuumed up stray 
uramum and packed 1t Into atomic bubbles 1nside themselves. At the same time, zIrcons had a distaste 


for lead and squeezed that element out (the opposite of what meteors do). Of course, that didn't last 
long, since uranium decays I1nfo lead, but the zIrcons had trouble working the lead sÏivers out again. 
As a result, any lead Inside lead-phobic zIrcons nowadays has to be a dauphter product of uranrum. 
The story should be familtar by now: after measuring the ratio of lead to uranium 1n ZIrcons, 1f”S Just a 
matter of graphing backward to year zero. Anytime you hear scIenfisfs announcIng a record for the 
“world”s oldest rock——probably in Australia or Greenland, where zIrcons have survived the longest 
——Tresf assured they used zircon-uramum bubbles to date 1t. 

Other fields adopted bubbles as a paradigm, too. Glaser began experimenting with his bubble 
chamber 1n the 1950s, and around that same time, theoretical physIcIsts such as John Archibald 
'Wheeler began speaking of the universe as foam on 1ts fundamertal level. On that scale, billilons of 
trillions of times smaller than atoms, Wheeler dreamed that “the glassy smooth spacetme of the 
atomic and particle worlds øIves way.... There would literally be no left and right, no before and 
after. Ordinary 1deas of leneth would disappear. Ordinary Ideas oftime would evaporate. I can think 
ofno better name than quantum foam for this state of affairs.” Some cosmologists today calculate that 
our entire universe burst Into exIstence when a sinple submicronanobubble slipped free from that 
foam and began expanding at an exponential rate. Is a handsome theory, actually, and explains a lot 
——€©xcept, unfortunately, why this mipht have happened. 

Iromcally, Wheelerˆs quantum foam traces 1fs Intellectual lineage to the ultimate physIcIst of the 
classical, everyday world, Lord Kelvin. Kelvin didnˆt Invent froth sclence—that was a blind Belgian 
with the fitting name (considering how little inuence his work had) of Joseph Plateau. But Kelvin 
địd popular1ze the sclence by sayIng things like he could spend a lifetime scrutinizing a single soap 
bubble. That was actually disingenuous, since according to his lab notebooks, Kelvin formulated the 
outline of his bubble work one lazy morning 1n bed, and he produced Just one short paper on 1t. Stil, 
there are wonderful stories of this white-bearded Victorian splashing around 1n basins of water and 
ølycerin, with what looked like a miniature box spring on a ladle, to make colomes of 1nterlockIing 
bubbles. And sz„arish bubbles at that, reminiscent of the Peazzs character Rerun, since the box 
springˆs coIls were shaped 1nto rectangular prIsms. 

Plus, Kelvin°s work gathered momentum and I1nspired real science 1n future øeneratlons. BIologIst 
D”Arcy Wentworth Thompson applied Kelvin”s theorems on bubble formation to cell developmert 1n 
his seminal 1917 book Ón Growth and Form, a book once called “the finest work of literature 1n all 
the annals of sclence that have been recorded 1n the English tongue. ” The modern field of cell biology 
began at this poiInt. What”s more, recent biochemical research hints that bubbles were the efficlent 
cause of life 1tself. The first complex orgamic molecules may have formed not 1n the turbulent ocean, 
as 1S commonly thoueght, but in water bubbles trapped In Arctic-like sheets of Ice. Water 1s quife 
heavy, and when water freezes, 1t crushes together dissolved “1mpurIties,” suụch as orgamic molecules, 
Iinside bubbles. The concerntration and compression 1n those bubbles might have been high enouph to 
fuse those molecules 1nto self-replicating systems. Furthermore, recognizIng a good trick, nature has 
plaglarized the bubble blueprint ever since. Regardless of where the first orgamic molecules formed, 
1n Ice or ocean, the first crude cells were cerfainly bubble-like structures that surrounded profeins or 
RNA or DNA and protected them from being washed away or eroded. Even today, four billion years 
later, cells stilI have a basic bubble desiøn. 

Kelvin's work also 1nspired miÌitary sclence. During World War I, another lord, Lord Rayleigh, 
took on the urgent wartime problem of why submarine propellers were so prone to disinteprate and 
decay, even when the rest of the hull remained Intact. It turned out that bubbles produced by the 
churming propellers turned around and atftacked the metal blades like sugar atfacks teeth, and with 


similarÌy corrosIve results. Submarine scIence led to another breakthrouph 1n bubble research as well 
—thouph at the time this finding seemed unpromising, even dodgy. Thanks to the memory of German 
U-boats, studying sonar——sound waves moving 1n water——was as trendy In the 1930s as radIoactivIty 
had been before. At least two research teams discovered that If they rocked a tank with Jet engIne— 
level noise, the bubbles that appeared would sometimes collapse and wink at them with a flash of 
blue or green lipht. (Thiịnk of biting wintergreen Life Savers 1n a dark closet.) More 1nterested 1n 
blowing up submarInes, scIentisfs didn”t pursue so-called sonoluminescence, but for fiffy years 1t 
hung on as a scIentific parlor trick, passed down from generation to øenerafion. 

It might have remained Just that 1f not for a colleague taunting Seth Pufterman one day 1n the mid- 
I9S0s. Pufterman worked at the Umversity of Califorma at Los Angeles 1n fluid dynamics, a 
fiendishly tricky field. In some sense, scIentists know more about distant galaxIes than about turbulent 
water gushing throuph sewer pIpes. The colleague was teasing Putterman about this 1gnorance, when 
he mentioned that Putterman's 1lk couldnˆt even explain how sound waves can transmutate bubbles 
1nto lipht. Putterman thoupht that sounded like an urban legend. But after looking up the scant research 
that exIsted on sonoluminescence, he chucked his previous work to study blinking bubbles full-time. 

For Putterman'”s first, deliphtfully low-tech experiments, he set a beaker of water between fwo 
stereo speakers, which were cranked to dog-whistle frequencIes. A heated toaster w1re 1n the beaker 
kicked up bubbles, and sound waves trapped and levitated them 1n the water. Then came the fun part. 
Sound waves vary between barren, low-Intensify trouphs and cresfs of hiph Intenstty. The tiny, 
trapped bubbles responded to low pressure by swelling a thousand times, like a balloon filling a 
room. After the sound wave bottomed out, the high-pressure front tore 1n and crushed the bubble”s 
volume by halfa million times, at forces 100 billion times greater than gravity. Not surpr1sinply, 1t”s 
that supernova crush that produces the eerie lipht. Most amazinply, desplte being squished Into a 
“singularity,” a term rarely used oufside the study of black holes, the bubble stays 1ntact. After the 
pressure lifts, the bubble billows out again, unpopped, as 1f nothing had happened. Its then squished 
again and blinks agaIn, w1th the process repeating thousands oftimes every second. 

Putterman soon bought more sophisticated equlpment than his original garage-band setup, and 
upon dong so, he had a run-1n with the periodic table. To help determine what exactly caused the 
bubbles to sparkle, he began trying different gases. He found that although bubbles of plain aIr 
produced mce crackles of blue and green, pure mtrogen or oxygen, which together make up 99 
percent of air, wouldn't luminesce, no matter what volume or shrillness he cranked the sound to. 
Perturbed, Putterman began pumpIng trace gases from aIr back Into the bubbles until he found the 
elemertal flint—argon. 

That was odd, since argon 1s an Inert gas. What”s more, the only other gases Putterman (and a 
ørowing cadre of bubble sclentists) could get to work were argon”s heavier chemical cousins, 
krypton and especlally xenon. In fact, when rocked with sonar, xenon and krypton flared up even 
brighter than argon, producing “sftars 1n a Jar” that sizzled at 35,000 ”E I1nside water——far hotter than 
the surface of the sun. Again, this was baffling. Xenon and krypton are often used In Industry to 
smother fires or runaway reactions, and there was no reason to think those dull, Inert gases could 
produce such Intense bubbles. 

Unless, that 1s, theIr Inertness 1s a covert asset. Oxygen, carbon dioxide, and other atmospherIc 
gases 1nside bubbles can use the Incoming sonar energy to divide or react with one another. From the 
poInt ofvIew of sonoluminescence, that°s energy squandered. Some scIentists, though, think that Inert 
øases under hieh pressure camnot help but soak up sonar energy. And with no way to dissipate the 
energy, bubbles of xenon or krypton collapse and have no choIce but to propagate and concentrate 


energy 1n the bubbles" cores. If that”s the case, then the noble gases” nonreactivity 1s the key to 
sonoluminescence. Whatever the reason, the link to sonoluminescence w1ll rewrite what 1t means to 
be an Inert gas. 

Unfortunately, tempted by harnessing that hipgh energy, some scIentists (including Pufterman) have 
linked this fragile bubble scIience with desktop fusion, a cousiIn of that all-time favorite pathological 
sclence. (Because of the temperatures Involved, 1f's not cold fusion.) There has long been a vague, 
free-associatlon link between bubbles and fusion, partly because BorIs Deryagin, an Iinfuential 
Soviet sclentist who studied the stability of foams, believed strongly In cold fision. (Once, 1n an 
inconceivable experimert, the antithesis of one of Rutherford”s, Deryagin supposedly tried to induce 
cold fusion 1n water by firing a Kalashmkov rifle Imfo 1.) 

The dubious link between sonoluminescence and fusion (sonofusion) was made explicit in 2002 
when the Journal Science ran a radioactively controversial paper on sonoluminescence-driven 
nuclear power. Unusually, Sc/ence also ran an editorial admitting that many semior scIenfisfs thought 
the paper flawed 1f not fraudulent; even Pufterman recommended that the Journal reJect this one. 
Science printed 1t anyway (perhaps so everyone would have to buy a copy to see what all the fuss 
was about). The papers lead author was later hauled before the U.S. House of Represenftatives for 
faking data. 

Thankfully, bubble sclence had a strong enough foundationŠ# to survive that disgrace. PhysIcIsts 
Interested 1n alternative energy now model superconductors with bubbles. Pathologists describe 
AIDS as a “foamy” virus, for the way Infected cells swell before exploding. EntomologIsts know of 
Insecfs that use bubbles like submersIbles to breathe underwater, and ornthologIsts know that the 
metallic sheen of peacocks' plumage comes from light tickling bubbles In the feathers. Most 
1mportant, in 2006, 1n food sclence, students at Appalachian State University finally determined what 
makes Diet Coke explode when you drop Mentos I1nto 1t. Bubbles. The grainy surface of Mentos 
candy actfs as a net to snag small dissolved bubbles, which are stitched Into large ones. Eventually, a 
few gigantic bubbles break of, rocket upward, and whoosh through the nozzle, spurting up to twenty 
magmificent feet. This discovery was undoubftedly the greatest momert 1n bubble scIence since Donald 
Gilaser eyed his lager more than fifty years before and dreamed of subverting the periodic table. 


Tools oƒ Rticulows PrecISIOH 





Think of the most fussy sclence teacher you ever had. The one who docked your grade 1f the sixth 
decImal place In your answer was rounded Incorrectly; who tucked 1n his periodic table T-shirt, 
corrected every student who said “weighfˆ when he or she meant “mass,” and made everyone, 
including himself, wear goggles even while mixing sugar water. Now try to Imagine someone whom 
your teacher would hate for being anal-retentive. 7727 1s the kind of person who works for a bureau 
Of standards and measuremert. 

Most countries have a standards bureau, whose Job 1t 1s to measure everyfhing——ftom how long a 
second really 1s to how mụch mercury you can safely consume 1n bovine livers (very little, according 
to the U.S. Natonal Institute of Standards and Technoloøy, or NIST). To sclentists who work at 
standards bureaus, measurement 1sn”t Just a practice that makes sclence possiIble; 1fS a sclence 1n 
1tself. Progress 1n any number of fields, from post-EInsteiman cosmology to the astrobiological hunt 
for life on other planets, depends on our ability to make ever finer measurements based on ever 
smaller scraps of 1nformation. 

For historical reasons (the French Enliphtenment folk were fanatlc measurers), the Bureau 
International des PotIds et Mesures (BIPM) Just outside ParIs acts as the standards bureau”s standards 
bureau, makIng sure all the “franchises” stay In line. One of the more peculiar Jobs of the BIPM 1s 
coddling the International Prototype Kilogram——the world”s official kilogram. Its a two-inch-wide, 
90 percent platinum cylinder that, by defimtion, has a mass of exactly 1.000000... kilopram (to as 
many decImal places as you like). d say that's about two pounds, but d feel guilty about being 
Inexact. 





The two-inch-wide International Prototype Kilogram (center), made oƒ platinum and iridium, 
spends all day every day beneath three nested bell jars inside a humidity- and temperdfure- 
confrolled vault in Paris. Surrounding the Kilogram are six öfficial copies, each under two bell 
jars. (Reproduced with permission oƒ BIPM, which retains full International protected copyrighft) 


Because the Kilogram 1s a physical obJect and therefore damageable, and because the defimtion of 
a kilogram oupht to stay constant, the BIPM must make sure 1t never gets scratched, never attracfs a 
speck of dust, never loses (the bureau hopes!) a single atom. For 1f any of that happened, 1ts mass 
could spike to 1.000000... 1 kiloprams or pÏlummet to 0.999990,.. 9 kilograms, and the mere 
possIbility Induces ulcers In a natlonal bureau of standards type. So, like phobic mothers, they 
consfantly momitor the Kiloprams temperature and the pressure around 1t fo prevenf mmicroscopIC 
bloating and contracting, stress that could slough off atoms. Ifs also swaddled withn three 
successively smaller bell Jars to prevent humidity from condensing on the surface and leaving a 
nanoscale film. And the Kilogram 1s made from dense platinum (and 1ridrium) to minimize the surface 
area exposed to unacceptably dirty air, the kind we breathe. Platinum also conducts electricity well, 
which cuts down on the buildup of “parasitic” static electricify (the BIPM”s word) that might zap 
sfray atoms. 

Finally, pÏlatinum's touphness mitigates against the chance of a disastrous fingernail mick on the 
rare occasions when people actually lay a hand on the Kilogram. Other countries need their own 
official 1.000000... cylinder to avoid having to fly to Paris every time they want to measure 
something precIsely, and since the Kilopram 1s /he standard, each country)s knockoff has to be 
compared against 1t. The United States has had 1fs official kilogram, called K20 (I.e., the twentieth 
official copy), which resides in a government building 1n exurban Maryland, calibrated Just once 
since 2000, and 1s due for another calibration, says Zeina Jabbour, øroup leader for the NIST mass 
and force team. But calibration 1s a multimonth process, and securify regulations since 2001 have 
made flying K20 to Paris an absolute hassle. “W© have to hand-carry the kilograms throuph the 


flight,” says Jabbour, “and 1t 's hard to get throuph securify and customs with a slug of metal, and tell 
people they camnot touch 1t.” Even opening K20ˆs customized suitcase In a “dusty airporf” could 
compromse 1t, she says, “and 1f somebody 1nsIsts on touching 1t, thatˆs the end ofthe calibration.” 

Usually, the BIPM uses one of six official coples of the Kilogram (each kept under two bell Jars) 
to calibrate the knockoffs. But the official coples have to be measured agaiInst theIr own standard, so 
every Íew years sclentIsts remove the KIlogram from 1fs vault (using tongs and wearing latex gÏoves, 
Of course, so as not to leave fingerprints——but not the powdery kind of gloves, because that would 
leave a residue——oh, and not holding 1t for too long, because the person”s body temperature could 
heat 1t up and ruin everything) and calibrate the calibrators.* Alarminply, sclentists noticed during 
calibrations In the 1990s that, even accounting for atoms that rub off when people touch 1t, In the past 
few decades the Kilogram had lost an additional mass cqual to that of a fingerprint(!), half a 
microgram per year. No one knows why. 

The failure—and 1t 1s that—to keep the Kilogram perfectly constant has renewed discussions 
about the ultimate dream of every sclentIst who obsesses over the cylinder: to make 1t obsolete. 
Sclence owes mụch of 1fs progress since about 1600 to adopting, whenever possIble, an obJective, 
non-human-cerftered point of view about the unmverse. (This 1s called the Copermcan princIple, or 
less flatteringly the mediocrity principle.) The kilogram 1s one of seven “base unIts” of measurement 
that permeate all branches of scIence, and 1t”s no longer acceptable for any of those units to be based 
on a human artifact, espec1ally 1f1ts mysterIously shrinking. 

The goal with every umt, as England”s bureau of national standards cheekily pufs 1t, 1s for one 
scIentIst to e-mail 1ts defimtion to a colleague on another continent and for the colleague to be able to 
reproduce something with exactly those dimensions, based only on the descrIption 1n the e-mail. You 
cant e-mail the Kilogram, and no one has ever come up with a defintion more reliable than that 
squat, shiny, pampered cylinder 1n ParIs. (Or 1f they have, 1ts either too ImpossIbly 1nvolved to be 
practical—such as counting trilllons of trillions of atoms——or requires measuremernfs too precIse for 
even the best Instruments today.) The 1nability to solve the kilogram conundrum, to either sfop 1t from 
shrinkng or superamuate 1t, has become an Increasineg source of Internafonal worry and 
embarrassmert (at least for us anal types). 

The pamn 1s all the more acute because the kilogram 1s the last base umt bound to human sfrIctures. 
A platinum rod In Paris defined I.000000... meter throuph much of the twentieth century, until 
scIentists redefined 1t with a krypton atom 1n 1960, fixing 1t at 1,650,763.73 wavelengths of red- 
orange light from a krypton-S6 atom. This distance 1s virtually 1dentical to the length of the old rod, 
but 1t made the rod obsolete, since that many wavelengths of krypton lipht would stretch the same 
distance 1n any vacuum anywhere. (774z/s an e-mailable defimtion.) Since then, measurement 
sclentists (metrologIsts) have re-redefined a meter (about three feet) as the distance any lipht travels 
1n a vacuum1n 1/299 792,458 ofa second. 

Similarly, the official defimtion of one second used to be about 1/31,556,992 of one trip around 
the sun (the number of seconds 1n 365.2425 days). But a few pesky facts made that an 1nconvenient 
standard. The length ofa year——not Just a calendar year, but an astronomical year——varIes wIth every 
trip because of the sloshing of ocean tides, which drag and slow earth's orbit. To correct for this, 
metrologists sÏIp 1n a “leap second” about every third year, usually when no one”s payIng attenfion, at 
midmeht on December 31. But leap seconds are an uply, ad hoc solution. And rather than tie a 
supposedly universal umt of time to the transit of an unremarkable rock around a forgettable star, the 
U.S. standards bureau has developed cesium-based atomic clocks. 

Atomnc clocks run on the same leaping and crashing of excited electrons weˆve discussed before. 


But atomic clocks also exploIt a subtler movemert, the electrons” “fine structure.” If the normal Jump 
of an electron resembles a singer JumpIng an octave from Gï to G, fine structure resembles a Jump 
from G to G-flat or G-sharp. Fine structure effecfs are most notIceable 1n magnetic fields, and theyˆre 
caused by things you can safely 1gnore unless you find yourself1n a dense, high-level physics course 
—such as the magnetic 1nteractions between electrons and protons or correctilons due to EInsteIn's 
relativity. The upshot 1s that after those fine adJustments,* each electron Jumps eIther slightly lower 
(G-flat) or slightly hipher (G-sharp) than expected. 

The electron “decides” which Jump to make based on 1fs Intrinsic spIn, so one electron never hits 
the sharp and the flat on successive leaps. It hifs one or the other every time. Inside atomic clocks, 
which look like tall, skinny pneumatic tubes, a magnet purges all the cesium atoms whose oufer 
electrons Jump to one level, call 1t G-flat. That leaves only atoms with G-sharp electrons, which are 
gathered Into a chamber and excited by an Intense microwave. This causes cesium electrons to pop 
(I.e., Jump and crash) and emit photons of lipht. Each cycle of JumpIng up and down 1s elastic and 
always takes the same (extremely short) amount of time, so the atomic clock can measure time simply 
by counting photons. Really, whether you purge the G-flat or G-sharp doesnˆt matter, but you have to 
purge one of them because JumpIng to either level takes a different amount of time, and at the scales 
metrologIsts work with, such 1mprec1sion 1s unacceptable. 

Cesium proved convemlent as the mainspring for atomc clocks because 1t has one electron 
exposed 1n 1fs outermost shell, with no nearby electrons to muffle 1t. Cestium's heavy, lumbering 
atoms are fat targets for the maser that strums them as well. Still, even 1n plodding cesium, the outer 
electron 1s a quick bugger. Instead of a few dozen or few thousand times per second, 1t performs 
9,192,631,770 back-and-forths every one-MIss1ssipp1. Sclentists picked that ungainly number 1nstead 
Of cuffing themselves off at 9,192,631,769 or letting things drag on until 9,192,631,771 because 1t 
matched their best guess for a second back 1n 1955, when they buIlt the first cesium clock. 
Regardless, 9,192,631,770 1s now fixed. It became the first base-umt defimtion to achieve universal 
e-mailability, and 1t even helped liberate the meter from 1ts platinum rod after 1960. 

ScIenfists adopted the cesium standard as the world”s official measurement of time 1n the 19605, 
replacIng the astronomical second, and while the cesium standard has profited sclence by ensuring 
precIsion and accuracy worldwide, humamity has undemiably lost something. Since before even the 
anclent Egyptians and Babylomians, human beiInøs used the stars and seasons to track time and record 
their most Important momenfs. Cesium severed that link with the heavens, effaced 1t Just as surely as 
urban streetlamps blot out constellatlons. However fine an element, cesium lacks the mythic feeling of 
the moon or sun. Besides, even the argument for sw1tching to cesIum——Ifs unIversalIfy, since cesIium 
electrons should vibrate at the same frequency 1n every pocket of the universe—may no longer be a 
safe bet. 


If anything runs deeper than a mathematiclanˆs love of variables, 1t s a sclentists love of constanfs. 
The charge of the electron, the strenpth of gravity, the speed of lipght—no matter the experImert, no 
matter the cIrcumstances, those parameters never vary. If they did, scIentists would have to chuck the 
precIsion that separates “hard” sclences from socIal sclences like economics, where whims and sheer 
human 1diocy make universal laws 1mpossIble. 


Even more seductive to scIentIsts, because more abstract and universal, are fundamental constants. 
Obviously, the numerical value of a particle°s s1ze or speed would change 1f we arbitrarily decided 
that meters should be longer or I1f the kilogram suddenly shrank (ahem). Fundamerntal constants, 
however, dont depend on measuremert. Like rr, they”re pure, fixed numbers, and also like rr, they 
pop up in all sorts of contexts that seem tantalizinely explainable but that have so far resisted all 
explanation. 

The best-known dimensilonless consfant 1s the fine structure constant, which 1s related to the fine 
splitting of electrons. In short, 1t controls how tightly negative electrons are bound to the posItIve 
nucleus. It also determines the strenegth of some nuclear processes. In fact, 1ƒ the fine structure constant 
—which ll refer to as alpha, because thats what sclentists call It—If alpha had been slightly 
smaller right after the big bang, nuclear fusion 1n sfars would never have gotten hot enouph to fuse 
carbon. Conversely, 1f alpha had grown slightly larger, carbon atoms would all have disinteprated 
aeons ago, long before finding their way Info us. That alpha avoided this atomic Scylla and CharybdIs 
makes sclentists thankful, naturally, but also very antsy, because they camnot explain how 1t 
succeeded. Even a good, Inveterate athetIst like physicist Richard Feynman once said of the fine 
structure consfant, “All good theoretical physIc1sfs put this number up on their wall and worry about 
It.... Is one of the preatest danm mysfterles of physIcs: a maglIc number that comes to us with no 
understanding by man. You mipht say the “hand of God” wrote that number, and we don”t know how 
He pushed HIs penc1l.” 

HiIstorically, that didn”t stop people from trying to decIpher this sclentiflc mene, mene, tekel, 
upharsin. English astronomer Arthur Eddington, who during a solar eclipse 1n 1919 provided the first 
experimerfal proof of EinsteInˆs relativify, prew fascinated with alpha. Eddington had a penchant, 
and 1t must be said a talent, for numerology, Š and 1n the early 1900s, after alpha was measured to be 
around 1/136, Eddington began concocting “proofs” that alpha equaled exactly 1/136, partly because 
he found a mathematical link between 136 and 666. (One colleague derIsively suggested rewriting the 
book of Revelation to take this “finding” 1nto account.) Later measuremernts showed that alpha was 
closer to 1/137, but Eddington Just tossed a I Into his formula somewhere and continued on as 1f hIs 
sand castle hadnˆt crumbled (earning him the immortal nckname Sir Arthur Adding-One). A friend 
who later ran across Eddington In a cloakroom 1n Stockholm was chagrined to see that he 1nsisted on 
hanging his hat on peg 137. 

Today alpha equals 1/137.0359 or so. Regardless, 1ts value makes the periodic table possIble. It 
allows atoms to exIst and also allows them to react with sufficient vigor to form compounds, since 
electrons neither roam too freely from their nucle1 nor cling too closely. This Just-ripht balance has 
led many scIenfists to conclude that the universe couldn”t have hit upon 1fs fine structure constant by 
accident. Theologlans, being more explicit, say alpha proves that a creator has “programmed” the 
universe to produce both molecules and, possIbly, life. That's why 1t was such a big deal In 1976 
when a Soviet (now American) sclentist named Alexander Shlyakhter scrutimzed a b1zarre site 1n 
Africa called Oklo and declared that alpha, a fundamertal and 1nvar1ant constant of the unIverse, was 
gettIng bIgger. 

Oklo 1s a galactic marvel: the only z/„raƒ nuclear fission reactor known tfo exIst. lt stirred to life 
some I.7 billion years ago, and when French miners unearthed the dormarnt site 1n 1972, 1t caused a 
sclentific roar. Some scIenfisfs argued that Oklo couldnˆt have happened, while some fringe øroups 
pounced on Oklo as “evidence” for outlandish pet theorles such as long-lost African c1v1]1zations and 
crash landings by nuclear-powered alien sfar cruisers. Actually, as nuclear sclentists determined, 
Oklo was powered by nothing but uranum, water, and blue-ereen algae (1.e., pond scum). Really. 


AIlgae In a rIver near Oklo produced excess oxygen after undergoing photosynthesis. The oxygen 
made the water so acidic that as 1t trickled underground throuph loose soIl, 1t dissolved the uranum 
from the bedrock. All uramum back then had a higher concenfration of the bomb-ready uramum-235 
1sotope—about 3 percent, compared to 0.7 percent today. So the water was volatile already, and 
when underground algae filtered the water, the uranium was concentrated In one spot, achieving a 
critical mass. 

Though necessary, a critical mass wasn't sufficient. In general, for a chaIn reaction fo occur, 
uramum nuclei must not only be struck by neutrons, they must absorb them. When pure uranum 
fissions, 1fs atoms shoot out “fast” neutrons that bounce of neighbors like stones skIpped across 
water. Those are basically duds, wasted neutrons. Oklo uranrium went nuclear only because the rIver 
water slowed the neutrons down enouph for neIphboring nuclel to snag them. Without the water, the 
reacfion never would have begun. 

But thereˆs more. F1ssion also produces heat, obviously. And the reason thereˆs not a big crater 1n 
Africa today 1s that when the uranmum got hot, 1t boiled the water away. WIth no water, the neutrons 
became too fast to absorb, and the process øround to a halt. Only when the uraniuum cooled down did 
water trickle back In—which slowed the neutrons and restarted the reactor. It was a nuclear Old 
Faithful, self-regulating, and 1t consumed 13,000 pounds of uramum over 150,000 years at sixteen 
sites around Oklo, 1n on/off cycles of 150 minutes. 

How did sclentists piece that tale together I.7 billion years later? With elements. Elements are 
mixed thoroughly In the earth's crust, so the ratlos of different 1sotopes should be the same 
everywhere. At Oklo, the uramum-235 concerntration was 0.003 to 0.3 percent less than normal——a 
huøe difference. But what determined that Oklo was a natural nuke and not the renmants of a 
smugoling operatflon for rogue terroristsĩ was the overabundance of useless elemenfs such as 
neodymium. Neodymium mostly comes 1n three even-numbered flavors, l42, 144, and 146. Uranum 
fission reactors produce odd-numbered neodymium at hipher rates than normal. In fact, when 
sclentists analyzed the neodymium concertrations at Oklo and subtracted out the natural neodymnium, 
they found that Oklo's nuclear “signature” matched that of a modern, man-made Ífission reactor. 
AmazIng. 

Stil, 1ƒ neodymium matched, other elements didnt. When Shlyakhter compared the Oklo nuclear 
wasfe to modern waste 1n 1976, he found that too litle of some types of samarium had formed. By 
1fself that's not so thrilling. But again, nuclear processes are reproducIble to a stunning degree; 
elemenfs such as samar1um don't Just fail to form. So samar1um'”s đdigression hinted to Shlyakhter that 
something had been off back then. TakIng a hell ofa leap, he calculated that 1ƒ only the fine structure 
constant had been 1ust a fraction smaller when Oklo went nuclear, the điscrepancles were easy fo 
explain. In this, he resembled the Indian physicIst Bose, who didn”t claim to know why his “wrong” 
equations about photons explained so much; he only knew they did. The problem was, alpha 1s a 
fundamental constant. ltcan ƒ vary, not according to physics. WOrse for some, I1f alpha varled, 
probably no one (or, rather, no One) had “tuned” alpha to produce life affter all. 

With so much at stake, many sclentists since 1976 have reinterpreted and challenged the alpha- 
Oklo link. The changes theyˆre measuring are so small and the geological record so piecemeal after 
1.7 billion years, 1t seems unlikely anyone wIÏlÏ ever prove anything defimtive about alpha from Oklo 
data. But again, never underestimate the value of throwing an I1dea out there. Shlyakhter ˆs samarIum 
work whetted the appetite of dozens of ambitious physicIsts who wanted to knock off old theorles, 
and the study of changing constants 1s now an active field. One boost to these sclentists was the 
realization that even 1f alpha has changed very little since “only” 1.7 billlon years ago, 1t might have 


shifted rapidly during the first billion years of the universe, a tme ofprimordial chaos. As a matter of 
fact, after Investigating sftar systems called quasars and Interstellar dust clouds, some Australian 
astronomersŠ claim theyˆve detected the first real evidence of1nconstanfs. 

Quasars are black holes that tear apart and cannibalize other stars, violence that releases øobs and 
øobs of lipht energy. Of course, when astronomers collect that light, theyˆre not looking at evenfs 1n 
real time, but events that took place long, long ago, since lipht takes time to cross the universe. What 
the Australians dịid was examine how huge storms of Interstellar space dust affected the passage of 
ancIent quasar light. When light passes throuph a dust cloud, vapor1zed elements 1n the cloud absorb 
1t. But unlike something opaque, which absorbs all lipht, the elements 1n the cloud absorb light at 
specific frequencles. Moreover, similar to atomic clocks, elements absorb lipht not of one narrow 
color but oftwo very finely spÏIt colors. 

The Australians had little luck with some elemenfs 1n the dust clouds; 1t turns out those elements 
would hardly notice I1f alpha vacillated every day. So they expanded theIr search to elements such as 
chromium, which proved hiphly sensitive to alpha: the smaller alpha was In the past, the redder the 
light that chromium absorbed and the narrower the spaces between 1ts G-flat and G-sharp levels. By 
analyzIng the gap that chromium and other elemenfs produced billions of years ago near the quasar 
and comparing 1t w1th atoms 1n the lab today, sclentists can Judge whether alpha has changed In the 
meantime. And thouph, like all sclentists—especially ones proposing something controversial——the 
Australians hedge and couch thetr findings 1n sclentific language about such and such only “being 
consistent with the hypothesIs” of this and that, they do think therr ultrafine measuremerts Indicate that 
alpha changed by up to 0.001 percent over ten billion years. 

Now, honestly, that may seem a ridiculous amount to squabble over, like BIll Gates fiphting for 
penmes on the sidewalk. But the magmitude 1s less 1mportant than the 2oss/b//7ty of a fundamental 
consfant changing.* Many scIenfists dispute the results from Australia, but 1fthose results hold up——or 
1ƒ any ofthe other scIentists working on variable constants find proofposIfIve——scIentists would have 
to rethink the big bang, because the only laws of the universe they know would not quite have held 
from the beginning.Š A variable alpha would overthrow EInsteinian physIcs In the same way EInsteIn 
deposed Newton and Newton deposed medieval Scholastic physics. And as the next section shows, a 
drifting alpha mipht also revolutiomze how scIentists explore the cosmos for signs of lIfe. 


W©ˆve already met Enrico Fermi In rather poor cIrcumstances—he died of beryllrium poIsoning after 
some brash experiments and won a Nobel Prize for discovering transuramc elements he didn't 
discover. But 1t 1snt ripht Just to leave you with a negative Impression of this dynamo. ScIenfIsfs 
loved Fermi universally and without reserve. He”s the namesake of element one hundred, fermium, 
and he”s regarded as the last preat dual-purpose, theoretical-cum-experimerfal scIenfIst, someone 
equally likely to have grease from laboratory machines on his hands as chalk from the blackboard. He 
had a devilishly quick mind as well. During sclentific meetines with colleagues, they sormetimes 
needed to run to their offices to look up arcane equations to resolve some point; offen as not when 
they returned, Fermn, unable to wait, had derived the entire equation from scratch and had the answer 
they needed. Once, he asked Jumor colleagues to figure out how many millimeters thick the dust could 
øet on the famously dirty windows 1n his lab before the dust avalanched under 1ts own weipht and 
slouphed onto the floor. History doesn't record the answer, only the 1mpIshŠ question. 

Not even Fermi, however, could wrap his head around one hauntinely simple question. As noted 
earlier, many philosophers marvel that the universe seems fine-tuned to produce life because certain 


fundamental constants have a “perfecf” value. Moreover, scIentists have long believed——n the same 
sp1rit they believe a second shouldnˆt be based on our planet's orbit—that earth 1s not cosmically 
special. Given that ordinariness, as well as the Immense numbers of stars and planets, and the aeons 
that have passed since the big bang (and leaving aside any sticky reliplous 1ssues), the universe 
should rightfully be swarming with life. Yet not only have we never met alien creatures, we ve never 
even gotten a hello. As Fermi brooded on those contradictory facts over lunch one day, he cried out to 
his colleagues, as 1f he expected an answer, ““Ihen where 1s everybody?” 

HiIs colleagues burst out lauphing at what's now known as “Fermis paradox.” But other scIentIsts 
took Fermi seriously, and they really believed they could get at an answer. The best-known attempt 
came 1n 1961, when astrophysicIst Frank Drake laid out what's now known as the Drake Equation. 
Like the uncertainty principle, the Drake Equation has had a layer of Interpretation laid over 1t that 
obscures what 1t really says. In short, Ifs a serles of guesses: about how many stars exIst 1n the 
galaxy, what fraction of those have earthlike planets, what fraction of those planets have 1ntelligent 
life, what fraction of those life forms would want to make contact, and so on. Drake originally 
calculatedŠ that ten socIable cIv1lizatlons existed 1n our galaxy. But agaIn, that was Just an Informed 
guess, which led many scIentists to renounce 1t as flatulent philosophizIng. How on earth, for Instance, 
can we psychoanalyze aliens and figure out what percent want to chat? 

Nonetheless, the Drake Equation 1s Important: 1t outlines what data astronomers need to collect, 
and 1t put astrobiology on a sclentific foundation. Perhaps someday we”lI look back on 1t as we do 
early aftempts to organmize a periodic table. And with vast Improvemenfs recently 1n telescopes and 
other heavenly measuring devices, astrobiologIsts have tools to provide more than guesses. In fact, 
the Hubble Space Telescope and others have teased out so much 1nformation from so little data that 
astroblolog1sfs can now øo one better than Drake. They don”t have to watt for Intelligent alien life to 
seek us out or even scour deep space for an alien Great Wall of China. They mipht be able to measure 
đirect evidence of life——even mufte life such as exotic planfs or festering microbes——by searching for 
elements such as magnesium. 

Obviously, magnesium 1s less Important than oxygen or carbon, but element twelve could be a 
huge help for primifive creatures, allowing them to transition from orgamic molecules to real life. 
Almost all life forms use metallic elements 1n trace amounfs to creafe, store, or shuttle energetic 
molecules around 1nside them. Animals primar1ly use the Iron 1n hemoglobin, but the earliest and most 
successful forms of life, especially blue-preen algae, used magnesium. Specifically, chlorophyll 
(probably the most Important orgamic chemical on earth—It drives photosynthesis by converting 
stellar energy Into sugars, the basIs of the food chain) 1s crowned with magnesIum 1ons af 1fS Cen€r. 
Magnesium 1n animals helps DNA function properly. 

Magnesium deposifs on planefs also 1mply the presence of liquid HO, the most probable medium 


for life to arise 1n. Magnesium compounds sponge up water, so even on bare, rocky planets like Mars, 
there's hope of finding bacteria (or bacterial fossils) among those kinds of deposIts. On watery 
planets (like a great candidate for extraterrestrial life in our solar system, JupIterˆs moon Europa), 
magnesium helps keep oceans fluid. Europa has an Icy oufer crust, but huge liquid oceans thrive 
beneath 1t, and satellite evidence Indicates that those oceans are full of magnesium salts. Like any 
đissolved substances, magnesium salts depress the freezing poInt of water so that 1t stays liquid at 
lower temperatures. Magnesium salts also stir “brine volcamsm” on the rocky floors beneath the 
oceans. Those salts swell the volume of water theyˆre dissolved 1n, and the extra pressure from the 
extra volume powers volcanoes that spew brackish water and churn the ocean depths. (The pressure 
also cracks surface I1ce caps, spIlling rich Ice Into the ocean water——which 1s øood, 1n case Infra-Ice 


bubbles are Important 1n creating life.) Moreover, magnes1um compounds (among others) can provide 
the raw materlals to buid life by eroding carbon-rich chemicals from the ocean floor. Short of 
landing a probe or seeiIng alien vegetation, detecting magnesium salts on a bare, airless planet 1s a 
øood sIgn something mipht be happening there bio-w1se. 

But let's say Europa 1s barren. Even thouph the hunt for far-fiung alien life has ørown more 
technologtcally sophisticated, 1t stilÏ rests on one huge assumption: that the same scIence that controls 
us locally holds true In other galaxIes and held true at other times. But 1f alpha changed over time, the 
consequences for potential alien life could be enormous. Historically, life perhaps couldn't exist until 
alpha “relaxed” enouph to allow stable carbon atoms to form—and perhaps then liÍe arose 
effortlessly, wIthout any need to appeal to a creator. And because EInstein determined that space and 
time are Infertwined, some physicists belleve that alpha varlations In trne could imply alpha 
Varlations across space. According to this theory, Just as life arose on earth and not the moon because 
carth has water and an atmosphere, perhaps life arose here, on a seeminegly random planet In a 
seemingly unremarkable pocket of space, because only here do the proper cosmological conditlons 
exIst for sturdy atoms and full molecules. This would resolve Fermi”s paradox 1n a cinch: nobody has 
come calling because nobody's there. 

At this momernt, the evidence leans toward the ordinariness of earth. And based on the 
øravitational perturbations of far-off stars, astronomers now know of thousands of planets, which 
makes the odds of finding life somewhere quite good. Still, the pgreat debate of astrobioloøy wIll be 
deciding whether earth, and by extension human beIngs, have a privileged place In the unIverse. 
Hunting for alien life wIll take every bit of measuring gemus we have, possibly with some 
overlooked box on the periodic table. All we know for sure 1s that 1Ý some astronomer turned a 
telescope to a far-off star cluster tonipht and found 1ncontrovertible evidence of life, even microbial 
scavengers, 1t would be the most 1mportant discovery ever——proof that human beings are not so 
special after all. Except that we exist, too, and can understand and make such discoverIes. 


Above (and Beyond) the Periodic Table 
lac[n] 


There”s a conundrum near the fringes of the periodic table. Highly radioactive elements are always 
scarce, so you” d think, 1ntuitively, the elemernt that falls apart the most easily would also be the most 
scarce. And the elemert that 1s effaced most quickly and thoroughly whenever 1t appears In the earth”s 
crust, ultra-fragile francIum, 1s Indeed rare. Francrum w1Inks out of existence on a timescale quicker 
than any other natural atom—yet one element 1s even rarer than francium. Ifs a paradox, and 
resolving the paradox actually requires leaving behind the comfortable confines of the periodic table. 
Ít requires setting out for what nuclear physIcIsfs consider their New World, their America to conquer 
—the “1sland of stability”——which 1s theIr best and perhaps only hope for extending the table beyond 
1fs current limitatlons. 

As we know, 90 percent of particles 1n the universe are hydrogen, and the other I0 percenf are 
helium. Everything else, Including six million billion bịllion kilos of earth, 1s a cosmic rounding 
error. And 1n that six million billion billion kilos, the total amount of astatine, the scarcest natural 
element, 1s one stupid ounce. To put that Into some sort of (barely) comprehenstible scope, Imagine 
that you lost your Buick Astatine 1n an Immense parking øarage and you have zero Idea where 1t 1s. 
Imagine the tedium of walking down every row on every level past every space, looking for your 
vehicle. To mimic hunting for astatine atorms Inside the earth, that parking garage would have to be 
about 100 million spaces wide, have 100 million rows, and be 100 million stories hiph. And there 
would have to be 160 identical garages Just as big——and In all those buildings, there”d be Just one 
Astatine. You d be better of walking home. 

If astatine 1s so rare, 1f's natural to ask how scIentIsts ever fook a census of 1t. The answer 1s, they 
cheated a little. Any astatine present 1n the early earth has long since disinteprated radioactively, but 
other radIoactive elements sometimes decay Into astatine after they spIt out alpha or beta particles. By 
knowing the total amount of the parent elemenfs (usually elements near uramum) and calculating the 
odds that each of those wIll decay 1nto astatine, sclentists can ring up some plausible numbers for 
how many astatine atoms exIst. This works for other elemerts, too. For 1nsfance, at least twenty to 
thirty ounces of astatine”s near neighbor on the periodic table, francium, exIst at any momert. 

Funmly enouph, astatine 1s at the same time far more robust than francIum. If you had a mllion 
atoms of the longest-lived type of astatine, half of them would disinteprate In four hundred minuftes. A 
similar sample of franciun would hang on for Just twenty minutes. Francium 1s so fraglle 1t”s 
basically useless, and even though thereˆs (barely) enouph of 1t in the earth for chemnsfs to detect 1t 
directly, no one wIll ever herd enouph atoms of 1t together to make a vIsible sample. If they did, 1t 
would be so 1ntensely radioactive 1t would murder them Immediately. (The current flash-mob record 
for francium 1s ten thousand atoms.) 

No one wIll likely ever produce a visible sample of astatine eIther, but at least 1s good for 
something——as a quick-acting radIoIsotope 1n medicIne. In fact, after scientists——led by our old friend 
Emilio Segrè—ldentified astatine in 1939, they Injected a sample I1nto a guinea plg fo study 1t. 
Because astatine sits below 1odine on the periodic table, 1t acts like 1odine 1n the body and so was 





selectively filtered and concentrated by the rodenf's thyroid gland. Astatine remains the only element 
whose discovery was confirmed by a nonpr1mate. 

The odd recIprocity between astatine and francium begins 1n their nuclel. There, as 1n all atoms, 
two forces sfrupsele for domnnance: the strong nuclear force (which 1s always attractive) and the 
electrostatic force (which can repel particles). Thouph the most powerful of nature”s four fundamental 
forces, the strong nuclear force has ridiculously short arms. Think 7}rannosaurus rex. |Ý particles 
stray more than a few trillionths of an Inch apart, the strong force 1s Impotent. For that reason, 1t rarely 
comes I1nfo play oufside nuclel and black holes. Yet within 1ts range, 1s a hundred times more 
muscular than the electrostatic force. Thats good, because 1t keeps protons and neutrons bound 
together Instead of letting the electrostatic force wrench nucle1 apart. 

When you get to nuclel the size of astatine and francium, the limited reach really catches up with 
the strong force, and 1t has trouble binding all the protons and neutrons together. Francium has eIphty- 
seven protons, none ofwhich want fo touch. Ifs 130-odd neutrons buffer the positive charges well but 
also add so much bulk that the strong force camnot reach all the way across a nucleus fo quell c1vil 
strife. This makes francium (and astatine, for similar reasons) highly unstable. And 1t stands to reason 
that adding more protons would Increase electric repulsion, making atoms heavier than francIum even 
weaker. 

That's only sort of correct, though. Remember that Maria Goeppert-Mayer (“S.D. Mother Wins 
Nobel Prize”) developed a theory about long-lived “magic” elements——atoms wIth two, eipht, twenty, 
twenty-eIpht, etc., protons or neutrons that were extra-stable. Other numbers of protons or neutrons, 
such as mnety-two, also form compact and fairly stable nuclel, where the short-leashed strong force 
can tighten 1fs grIp on protons. That's why uranium 1s more stable than eIther astatine or francium, 
despIte being heavier. As you move down the periodic table element by elemernt, then, the strugsle 
between the strong nuclear and electrostatic forces resembles a plummeting stock market tIcker, wIth 
an overall downward trend 1n stability, but with many wIgeles and fluctuatlons as one force gaIns the 
upper hand, then the other. Š 

Based on this prevalling pattern, sclenfists assumed that the elements beyond uranium would 
asymptfotically approach a life span of 0.0. But as they øgroped forward with the ultraheavy elements 
in the 1950s and 1960s, something unexpected happened. In theory, magic numbers extend until 
Iinfiimfy, and 1t turned out that there was a quasi-stable nucleus after uranium, at element 114. And 
Iinstead of 1t being fractionally more stable, scIentisfs at (where else?) the Unrversity of Califormia at 
Berkeley calculated that II4 mnpht survive orders of magmitude longer than the fen or so heavy 
elemernts preceding 1t. Given the dismally short life span of heavy elementfs (microseconds at bes), 
this was a wIld, counterintuitive 1dea. Packing neutrons and protons onto most man-made elements 1s 
like packing on explosIves, since you re putfting more stress on the nucleus. Yet with element 114, 
packing on more TT seemed to s/eaäy the bomb. Just as strangely, elemenfs such as I12 and 116 
seemed (on paper at least) to get horseshoes-and-kIsses benefits from having close to I14 protons. 
Even being around that quasi-magic number calmed them. Sclentists began calling this cluster of 
elemerts the 1sland of stability. 
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A whimsical map oƒ the ƒabled “island oƒ stability, ” a clump oƒ superheavy elements that scienfisfs 
hope will allow them to extend the periodic table ƒar past its present bounds. Notice the stable 
lead (Pb) continent oƒ the main-body periodic table, the waftery trench oƒ unstable elements, and 
the small, semi-stable peaks at thorium and uranium beƒore the sea opens up. (Wri Q@ganessian, 
Joïnf Institute ƒor Nuclear Research, Dubna, Russi4) 


Charmecd by their own metaphor, and flattering themselves as brave explorers, sclentists began 
preparing to conquer the 1sland. They spoke of finding an elemental “Atlantis,” and some, like old- 
time sailors, even produced sepla “charts” of unknown nucleic seas. (You d half expect to see 
krakens drawn 1n the wafers.) And for decades now, affempts to reach that oasis of superheavy 
elemernts have made up one of the most exciting fields of physics. Sclentists haven”t reached land yet 
(to get truly stable, doubly magic elements, they need to fipgure out ways to add more neutrons to their 
targets), but theyˆre 1n the 1slandˆ”s shallows, paddling around for a harbor. 

Of course, an 1sland of stability implies a stretch of submerged stability—a stretch centered on 
francium. Element eighty-seven 1s stranded between a magic nucleus at eiphty-two and a quasi-stable 
nucleus at mnety-two, and 1t”s all too tempting for 1†s neutrons and protons to abandon ship and sw1m. 
In fact, because of the poor structural foundation of 1ts nucleus, francrum 1s not only the least stable 
natural elemert, 1t's less stable than every synthetic element up to 104, the ungainly rutherfordium. lf 
there”s a “trench of1nstability,” francrum 1s øgargling bubbles at the bottom of the Marlana. 

Still, 1s more abundant than astatine. Why? Because many radioactive elemernfts around uranum 
happen to decay Into francium as they disintegrate. But francium, Instead of doing the normal alpha 
decay and thereby converting 1tself (through the loss oftwo protons) 1nto astatine, decides more than 
99.9 percent of the time to relieve the pressure 1n 1fs nucleus by undergoing beta decay and becoming 
radium. Radium then undergoes a cascade of alpha decays that leap over astatine. In other words, the 
path of many decaying atoms leads to a short layover on francIum——hence the twenty to thirty ounces 
Of 1t. At the same time, francium shuttles atoms away from asfafine, causing asfafine to remaIn rare. 
Conundrum solved. 

Now that we°ve plumbed the trenches, what about that island of stability? Ifs doubtful that 
chemnsts will ever synthesize all the elemenfs up to very high maglic numbers. But perhaps they can 
synthesIze a stable element I 14, then 126, then go from there. Some scIenfists believe, too, that adding 
electrons to extra-heavy atoms can stabilize their nuclel—the electrons mipht act as springs and 


shocks to absorb the energy that atoms normally dedicate to tearing themselves apart. If that”s so, 
maybe elemenfs 1n the I40s, 160s, and 1S§0s are possible. The 1sland of stability would become a 
chain of 1slands. These stable 1slands would get farther apart, but perhaps, like Polynesian canoers, 
ScIenfisfs can cross some w1ld distances on the new perIodic archipelago. 

The thrilling part 1s that those new elements, Instead of being Just heavier versions of what we 
already know, could have novel properties (remember how lead emerges from a lineage of carbon 
and silicon). According to some calculations, 1f electrons can tame superheavy nuclei and make them 
more sfable, those nuclel can mamipulate electrons, too——in which case, electrons mipht fill the 
atoms" shells and orbitals 1n a different order. Elements whose address on the table should make them 
normal heavy mefals might fill 1n theIr octets early and act like metallic noble gases 1nstead. 

Not to tempt the gods of hubr1s, but sclentists already have names for those hypothetical elements. 
You may have noficed that the extra-heavy elements along the bottom of the table get three letters 
Instead of two and that all of them start with ¿. Once again, 1fs the lingering Infiuence of Latin and 
Greek. As yet undiscovered elemert 119, Uue, 1s un-un-enmum; element 122, Ubb, 1s un-b1-bIium; Š and 
so on. Those elements wIll receive “real”” names 1f theyˆre ever made, but for now scIenfIsfs can Jot 
them dowm—and mark off other elementfs of Interest, such as magic number 184, un-octquadIum—— 
with LatIn substitutes. (And thank goodness for them. With the Iimpending death of the binomial 
specles system 1n biology—the system that gave us #el¡s caf¿s for the house cat 1s gradually beIng 
replaced with chromosomal DNA “bar codes,” so good-bye Hømo sapiens, the knowing ape, hello 
TCATCGGTCATTGG...—the  elements remain about the only holdouts of once-dominant Latin In 
sclence.) 

So how far can this 1sland-hopping extend? Can we wafch litle volcanoes rise beneath the 
periodic table forever, watch 1t expand and stretch down to the fittingly wide Eee, enn-emn-ennium, 
element 999, or even beyond? 57øh, no. Even 1f scIenfists figure out how to øglue extra-heavy elements 
together, and even 1f they land smack on the farther-off 1slands of stability, theyˆlÏ almost certainly 
skid right off 1nto the messy seas. 

The reason traces back to Albert EInsteIn and the biggest failure of his career. DesplIte the earnest 
belief of most of his fans, EInstein dịd not wIn his Nobel Prize for the theory of relativify, speclal or 
general. He won for explaining a strange effect 1n quantum mechanics, the photoelectric effect. HIs 
solution provided the first real evidence that quantum mechanics wasn”t a crude stopgap for JustIfyIng 
anomalous experimerfs, but actualÏy corresponds to reality. And the fact that EInstein came up with 1t 
1S 1TOIIC ÍOT fwo reasons. One, as he got older and crustier, EInstein came to disfrust quantumn 
mecharics. lfs statistical and deeply probabilistic nature sounded too mụch like gambling to hìm, and 
1t prompted him to obJect that “God does not play dice with the unverse.”” He was wrong, and 1f”s too 
bad that most people have never heard the reJoinder by Niels Bohr: “EInstein! Stop telling God what 
to do.” 

Second, although EinsteIn spent his career trying to unmfy quantum mechamics and relatIvIfty Into a 
coherent and svelte “theory of everything, ” he failed. Not completely, however. Sometimes when the 
two theorles touch, they complement each other brilliantly: relativistiIc corrections of the speed of 
electrons help explain why mercury (the element Im always looking out for) 1s a liquid and not the 
expected solid at room temperature. And no one could have created his namesake element, number 
ninety-nine, einsteinrium, w1thout knowledge of both theories. But overall, Einstein”s 1deas on øravIty, 
the speed of lipht, and relativity don”t quite fit with quantum mecharmics. Ín some cases where the two 
theories come 1nfo contact, such as 1nside black holes, all the fancy equations break down. 

That breakdown could set limts on the perlodic table. To return to the electron-planet analogy, 


Just as Mercury zIps around the sun every three months while Neptune drags on for l6S years, Inner 
electrons orbit mụch more quickly around a nucleus than electrons 1n outer shells. The exact speed 
depends on the ratio between the number of protons present and alpha, the fine structure constant 
điscussed last chapter. As that ratio gets closer and closer to one, electrons fly closer and closer to 
the speed of light. But remember that alpha 1s (we think) fixed at 1/137 or so. Beyond 137 protons, 
the Inner electrons would seem to be going faster than the speed of lipht—which, according to 
EInsteinˆs relativity theory, can never happen. 

This hypothetically last element, 137, 1s offten called “feynmamum,” after Richard Feynman, the 
physIcist who first noticed this pickle. He”s also the one who called alpha “one of the great damn 
mysterIes ofthe universe, ” and now you can see why. As the 1rresistible force of quantum mechanics 
meets the Immovable obJect of relativify Just past feynmanrum, something has to øgive. No one knows 
what. 

Some physIcIsts, the kind of people who think serIously about time travel, think that relativIty may 
have a loophole that allows special (and, convemently, unobservable) particles called tachyons to go 
faster than liphtˆs 186,000 miles per second. The catch with tachyons 1s that they may move backward 
in time. So 1f super-chemists someday create feynmanrum-plus-one, untri-octium, would 1ts 1nner 
electrons become time travelers while the rest of the atom sifs paf? Probably not. Probably the speed 
of lipht simply pufs a hard cap on the s1ze of atoms, which would obliterate those fanciful 1slands of 
stability as thoroughly as A-bomb tests did coral atolls 1n the 1950s. 

So does that mean the periodic table w1ll be kaput soon? FIxed and frozen, a fossil? 

No, no, and no agaIn. 


If allens ever land and park here, there”s no guarantee we”ll be able to communicate w1th them, even 
going beyond the obvious fact they wont speak “Earth.” They might use pheromones or pulses of 
light instead of sounds; they mipht also be, especially on the off off chance they re not made of 
carbon, poIsonous to be around. Even 1f we do break 1nto their minds, our prImary concerns——Ìove, 
øods, respect, family, money, peace—may not regIster with them. About the only things we can drop 
1n front of them and be sure they”lÏ ørasp are numbers like p1 and the periodic table. 

Of course, that should be the øroøerfies of the periodic table, since the standard castles-with- 
turrets look of our table, thouph chiseled 1nto the back of every extant chemistry book, 1s Just one 
possIble arrangemernt of elements. Many of our grandfathers grew up with quite a different table, one 
Just eight colunms wide all the way down. It looked more like a calendar, with all the rows of the 
transiion metals triangled off Iinto half boxes, like those unfortunate 30s and 31s 1n awkwardly 
arranged mornths. Even more dubiously, a few people shoved the lanthanides 1nto the main body of the 
table, creating a crowded mess. 

No one thoupht to give the transittion metals a litle more space until Glenn Seaborg and his 
colleagues at (walt for 1t) the University of California at Berkeley made over the entire periodic table 
between the late I930s and early 1960s. It wasn't Just that they added elements. They also realized 
that elements like actimum didn't fit Into the scheme theyˆd grown up with. Aganm, 1t sounds odd to 
say, but chemnists before this didn't take perlodicify serIously enouph. They thought the lanthamdes 
and their annoying chemistry were exceptions to the normal perlodic table rules—that no elements 


below the lanthamides would ever bury electrons and deviate from transition-metal chemnstry 1n the 
same way. But the lanthamde chemistry does repeat. It has to: that's the categorical Imperative of 
chemnistry, /he property of elemenfs the aliens would recognize. And they”d recognIze as surely as 
Seaborg did that the elements diverge 1nto something new and strange ripht affer actinium, element 
eIphty-nIne. 

Actinium was the key element 1n øg1ving the modern periodic table 1ts shape, since Seaborg and his 
colleagues decided to cleave all the heavy elements known at the tme—now called the actinides, 
after theIr first brother——and cordon them off at the bottom of the table. As long as they were moving 
those elements, they decided to give the transition metals more elbow room, too, and Instead of 
crammnng them 1mfo triangles, they added ten columms to the table. Thịs blueprint made so mụch sense 
that many people copIed Seaborg. It took a while for the hard-liners who preferred the old table to 
die off, but 1n the 1970s the periodic calendar finally shifed to become the perliodic castle, the 
bulwark of modern chemnstry. 

But who says that's the Ideal shape? The columnar form has domnnated since Mendeleev”s day, 
but Mendeleev himself designed thirty different periodic tables, and by the 1970s sclentists had 
designed more than seven hundred varlations. Some chemnsfs like to snap off the turret on one side 
and attach 1t to the other, so the periodic table looks like an awkward staircase. Others fiss with 
hydrogen and helium, dropping them Into different colunms to emphasIze that those two non-octet 
elements get themselves 1nto strange situations chemically. 

Really, though, once you start pÏaying around with the periodic tableˆs form, thereˆs no reason fo 
limit yourself to rectilinear shapes.* One clever modern periodic table looks like a honeycomb, with 
cach hexagonal box spIraling outward in wIder and wIder arms from the hydrogen core. Astronomers 
and astrophysIcIsts mipht like the version where a hydrogen “sun” stfs at the center of the table, and 
all the other elements orbit 1t like planets w1th moons. BIologIsts have mapped the periodic table onto 
helixes, like our DNA, and geeks have sketched out periodic tables where rows and columms double 
back on themselves and wrap around the paper like the board game Parcheesi. Someone even holds a 
U.S. patent (#6361324) for a pyramidal RubIk”s Cube toy whose tw1stable faces contain elemerts. 

Musically inclined people have graphed elements onto musical staffs, and our old friend William 
Crookes, the spIritualist seeker, designed two fittinely fanciful periodic tables, one that looked like a 
lute and another like a pretzel. My own favorite tables are a pyramid-shaped one—which very 
sensibly gets wIder row by row and demonsfrates gøraphically where new orbitals arise and how 
many more elements fit themselves Into the overall systemr—and a cufout one with twIsts 1n the 
middle, which I can”t quite figure out but enjoy because 1t looks like a Möb1us strIp. 

W© don't even have to limit periodic tables to two dimensions anymore. The negatively charged 
antiprotons that Segrè discovered 1n 1955 palr very nicely with antielectrons (1.e., posiftrons) to form 
anti-hydrogen atoms. In theory, every other anti-element on the anti-periodic table mipht exIst, too. 
And beyond Just that looking-glass version of the regular periodic table, chemists are explorIng new 
forms of matter that could multiply the number of known “elements” I1nto the hundreds 1f not 
thousands. 

FIrst are superatoms. These clusters——between eight and one hundred atoms of one element——have 
the eerle abilify to mimic single atoms of different elements. For 1nstance, thirteen aluminium afoms 
ørouped together 1n the ripht way do a killer bromnne: the two entitles are Indistinguishable In 
chemical reactions. This happens despIte the cluster being thirteen times larger than a single bromine 
atom and despIte aluminium beIng nothing like the lacrimatory poIson-gas staple. Other combinatlons 
of aluminium can mimic noble gases, semiconductfors, bone materials like calcium, or elements from 


pretfy much any other reglon ofthe periodic table. 

The clusters work like this. The atoms arrange themselves 1nto a three-dimensional polyhedron, 
and each atom In 1t mimics a proton or neutron 1n a collective nucleus. The caveat 1s that electrons 
can flow around 1nside this sof nucleic blob, and the atoms share the electrons collectively. 
ScIentists wryly call this state of matter “Jellium.” Depending on the shape of the polyhedron and the 
number ofcorners and edges, the Jelltum w1ll have more or fewer electrons to farm out and react with 
other atoms. If It has seven, 1t acts like bromnne or a halogen. If four, 1t acts like silicon or a 
semiconductor. Sodium atoms can also become Jellium and mimic other elemenfs. And there”s no 
reason to think that still other elemenfs camnot Imitate other elemerts, or even all the elemenfs 1mitafte 
all the other elements—an utterly Borgesian mess. These discoverles are fÍorcing sclentists to 
consfruct parallel periodic tables to class1fy all the new specIes, tables that, like transparencIes 1n an 
anatomy textbook, must be layered on top ofthe periodic skeleton. 

Werrd as Jellium 1s, the clusters at least resemble normal atoms. Not so with the second way of 
adding depth to the periodic table. A quantum dot 1s a sort of holographic, virtual atom that 
nonetheless obeys the rules of quantum mechamics. Different elements can make quantum dots, but one 
Of the best 1s Indium. It's a silvery metal, a relative of aluminium, and lives Just on the borderland 
between metals and semiconductfors. 

ScIenfists start construction of a quantum dot by building a tiny Devils Tower, barely vIsible to 
the eyc. Like geologic strata, this tower consists of layers—from the bottom up, thereÌ a 
semiconductor, a thin layer of an 1nsulator (a ceramic), indium, a thicker layer ofa ceramic, and a cap 
of metal on top. A posifive charge 1s applied to the metal cap, which attracts electrons. They race 
upward until they reach the 1nsulator, which they camnot flow through. However, 1f the 1nsulator 1s 
thin enough, an electron—which at 1fs fundamertal level 1s Just a wave—can pull some voodoo 
quantum mechamical stuff and “tunnel”” throuph to the 1ndium. 

At this poiInt, sclenfists snap of the voltage, trappIng the orphan electron. Indrium happens to be 
good at letting electrons flow around between atoms, but not so good that an electron dIsappears 
Iinside the layer. The electron sort of hovers 1nstead, mobile but discrete, and 1f the indium layer 1s 
thin enough and narrow enouph, the thousand or so 1ndium atoms band together and act like one 
collective atom, all of them sharing the trapped electron. IUs a superorgamsm. Put two or more 
electrons 1n the quantum dot, and theyˆlI take on opposite spins Inside the Indium and separate In 
oversized orbitals and shells. IUs hard to overstate how werrd this 1s, like getting the giant atoms of 
the Bose-EInstein condensate but w1thout all the fuss of cooling things down to billionths ofa degree 
above absolute zero. And 1t 1sn't an Idle exercIse: the dots show enormous pofential for next- 
øeneration “quantum computers,” because scIentists can control, and therefore perform calculatlons 
with, individual electrons, a much faster and cleaner procedure than channeling billions of electrons 
through semiconductfors 1n Jack Kilbyˆs fiffy-year-old Integrated c1rcuIfs. 

Nor will the periodic table be the same after quantum dots. Because the dots, also called pancake 
atoms, are so flat, the electron shells are different than usual. In fact, so far the pancake periodic table 
looks quIfe different than the periodic table weˆre used to. It's narrower, for one thing, since the octet 
rule doesn't hold. Electrons fill up shells more quickly, and nonreactive noble øases are separated by 
fewer elements. That doesn”t stop other, more reactive quantum dots from sharing electrons and 
bonding with other nearby quantum dots to form... well, who knows what the hell they are. Unlike 
with superatoms, there aren”t any real-world elements that form tidy analogues to quantum-dot 
“elements.” 

In the end, thouph, there”s little doubt that Seaborgs table ofrows and turrets, w1th the lanthamrdes 


and actinides like moats along the bottom, will domninate chemnstry classes for øeneratilons to come. 
IUs a good combination of easy to make and easy to learn. But 1t s a shame more textbook publishers 
donˆt balance Seaborgˆs table, which appears 1nside the front cover of every chemnistry book, with a 
few ofthe more suggestive perIodic table arrangemenfs Inside the back cover: 3D shapes that pop and 
buckle on the page and that bend far-distant elements near each other, sparking some link In the 
Imagination when you finally see them side by side. [ wish very much that I could donate $1,000 to 
some nonprofit øroup fo support tinkering with wild new perlodic tables based on whatever 
OrganizIng principles people can imagine. The current periodic table has served us well so far, but 
TeenvIsIoning and recreating I† 1s Important for humans (some ofus, at least). Moreover, 1ƒ aliens ever 
do descend, I want them to be Iimpressed with our 1ngenuity. And maybe, Just maybe, for them to see 
some shape they recognize among our collection. 

Then again, maybe our good old boxy array of rows and turrefs, and 1s marvelous, clean 
simplicity, wIll prab them. And maybe, despite all their alternative arrangements of elemenfs, and 
despite all they know about superatoms and quantum dots, theyˆlÏ see something new 1n this table. 
Maybe as we explaIn how to read the table on all 1ts different levels, theyˆlI whistle (or whatever) 1n 
real admration—staggered at all we human beIngs have managed to pack Into our perlodic table of 
the elements. 
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lIntroducfion 


“lite rature, poison forensics, and psychology”: Another topIc I learned about via mercury was 
meteorology. The final peal ofthe death knell of alchemy sounded on the day after ChrIstmas In 1759, 
when two Russian sclenfisfs, tryIng to see how cold they could get a mixture of snow and acid, 
acciderfally froze the quicksilver 1n their thermometer. This was the first recorded case of solid Hg, 
and with that evidence, the alchemists” immortal fluid was banished to the realm of normal matter. 

Lately mercury has been politicized as well, as acfIvists In the Umited States have campaigned 
VIgorously agaInst the (totally unfounded) dangers of mercury In vaccInes. 


l. Geogrqaphy Is Desfiny 


“anvthing but a pure elemenf”: Two sclentists observed the first evidence for helium (an 
unknown spectral line, 1n the yellow range) during an eclipse 1n 186§——hence the element's name, 
from jeios, Greek for “sun.” The element was not 1solated on earth until 1895, throuph the careful 
1solatlon of helium from rocks. (For more on this, see chapfer l7.) For eIpht years, hellum was 
thought to exIst on earth in minute quantitiles only, until miners found a huge underground cache 1n 
Kansas In 1903. They had tried to lipght the gas shooting out of a vent In the ground on fire, but 1t 
wouldn't catch. 

“only the electrons maffer”: To retferate the poInt about atoms being mostÌy emptfy space, 
Allan Blackman, a chemnst at the University of Otago 1n New Zealand, wrofe In the January 28, 2006, 
Otago Daily Times: “Consider the most dense known elemert, 1rIdium; a sample of this the size ofa 
tenms ball would weigh Just over 3 kilograms [6.6 pounds].... Let”s assume that we could somehow 
pack the 1ridium nuclel together as tipht as we possibly could, thereby eliminating most of that empty 
space.... A tennis ball—sized sample of this compacted material would now weieh an astonishing 
seven tr1llion tonnes [7.7 tr1llion U.S. tons].” 

As a footnote to this footnote, no one really knows whether 1ridium 1s the densest elemert. lts 
densify 1s so close to osmium”s that sclentists camnot đdistinguish between them, and 1n the past few 
decades theyve traded places as king ofthe mounfaIn. Osmium 1s on top at the momert. 

“every quibbling error”: For more detailed portralts of LewIs and Nernst (and many other 
characters, such as Linus Pauling and Fritz Haber), I hipghly recommend Ca(hedrals oƒ Science: The 
Personaliies and Rivalries That Made Modern Chemisfry by Patritck Coffey. IÙs a personality- 
driven account of the most Imporfant era 1n modern chemistry, between about 1890 and 1930. 

“mosf colorful history on the periodic table ”:Other facts about antimony: 

I. Much of our knowledge of alchemy and antimony comes from a 1604 book, The Triumphal 
Chariot öoƒ Ânftimony, wrItten by Johamn Thölde. To øIve his book a publicity boost, Thölde claimed 
heˆd merely translated 1t from a 1450 text wrItten by a monk, Basilius Valentinus. Fearing persecution 
for his beliefs, Valentinus had supposedly hidden the text In a pillar In hs monastery. lí remained 
hidden until a “miraculous thunderbolt” split the pillar in Thöldeˆs time and allowed him to điscover 
the manuscrIpt. 

2. Although many did call animony a hermaphrodite, others Insisted 1t was the essence of 
femininity—so much so that the alchemical symbol for antimony, #, became the general symbol for 
“female.” 

3. In the 1930s in China, a poor province made do with what 1t had and decided to make money 
from antimony, about the only local resource. But antIimony 1s sofft, easily rubbed away, and slightly 
toxic, all of which makes for poor coIns, and the øovernment soon withdrew them. Though worth Just 
fractlons ofa cent then, these coIns fetch thousands of dollars from collectors today. 


2. Near Twins and Black Sheep 


“really wrote Shakespeares plays”: A simpler but less colorfilỦÙ defiimtlon of 
honorfcabilitudinitafibus 1s ““w1th honorableness.” The Bacon anagram for the word 1s “HI ludi, F. 


Bacoms natI, tuiti orbl,” which translates to ““Fhese plays, born of F[rancIs| Bacon, are preserved for 
the world.” 

“anaconda runs 1,185 letters”: There's some confusion over the longest word to appear 1n 
Chemical A4bsfracfs. Many people list the tobacco mosalc virus protein, CzszHIssoN2¡sOsxgS›. but a 


substantial number Instead list “tryptophan synthetase a protein,” a relative of the chemnical that 
people (wrongly) suppose makes them sleepy when they eat turkey (thats an urban legend). The 
tryptophan protein, C¡zsoH›ozNz⁄„zO++„S¿, runs 1,913 letters, over 60 percent longer than the mosaIc 


VIrUuS protein, and numerous sources—some editlons ofŒwnness World Records, the Urban 
Dictionary (www.urbandictionary.com), ÄMzs. Byrne DicHonary oƒ. Unusual @bscure, and 
Preposterowus Words —all list tryptophan as the champ. But afier spending hours 1n the dimly lit 
stacks of the Library of Congress, I never located the tryptophan molecule 1n Chemical Absfracis. Ït 
Just doesnˆt seem to have appeared 1n 1fs full, spelled-out form. To be doubly sure, I hunted down the 
academic paper that announced the decoding of the tryptophan protein (which was separate from the 
Chermical Abstracrs listinp), and there the authors chose to abbreviate the amino acid sequence. So 1fs 
full name has never appeared In print as far as I can tell, which probably explains why Ớwïnness later 
rescInded the listing for 1t as the longest word. 

I did manage to track down listings for the mosalic virus, which 1s spelled out tw1ce——first on page 
967F of a brownish volume called Chemical 4bstracts Formmula Index, Jan-June 1964, then on 
page 6717E of Chemical Abstracts 7th Coll. Formulas, C›;h„—Z, 56-635, 1962—1966. Both books 


are compendIums that collect data for all the scholarly chemistry papers published between the dates 
on their covers. That means, contra other references to the world”s longest word (especially on the 
Web), the mosaIc virus listing appeared only when those tomes came out In [964 and 1966 and not In 
1972. 

There”s more: the tryptophan paper came out In 1964, and there are other molecules listed 1n that 
1962-1966 Chemical 4bsfracfs compendium with more Cs, Hs, Ns, Os, and Ss than the tobacco 
mosalc virus. So why aren't they spelled out? Because those papers appeared after 1965, the year 
Chemical Abstracts Service, the company 1n Ohio that collects all this data, overhauled 1s system for 
naming new compounds and began discouraging excessively eye-plazIng names. But so why did they 
bother spelling out the tobacco mosalc virus protein In a I966 compendium? It could have been 
chopped down but was grandfathered In. And to throw In one more fw1Ist, the original 1964 tobacco 
mOSaIC VIrus paper was 1n German. But Chemical Absfracís 1s an English-language documert, 1n the 
fine reference-work tradition of Samuel Johnson and the 2Ð, and 1t printed the name not to show ofÍ 
but to propagate knowledge, so 1t sure counfs. 

Whew. 

By the way, I owe Eric Shively, Crystal Poole Bradley, and especially Jim Corming at Chemical 
Abstracts Service a lot for helping me figure all this out. They didn”t have to field my confused 
questions (“HI. Iˆm trying to find the longest word 1n English, and m not sure what 1t 1s... ”), but they 
địd. 

Incidenrally, on top of being the first virus discovered, the tobacco mosalc virus was the first to 





have 1s shape and structure analyzed 1n a rIgorous way. Some of the best work 1n this area was done 
by Rosalind Franklin, the crystallopraphy expert who generously but naively shared her data with 
Watson and Crick (see chapter 8). Oh, and the “a” 1n “tryptophan synthetase ơ protein” traces back to 
Linus Paulingˆs work on how proteins know how to fold Into the proper shape (see chapfer 8 agann). 

“mercifully known as tin”: A few very patlent souls have posted the entire amino acid 
sequence oftitin online. Here are the stats: lí occuples forty-seven sinele-spaced pages ofa Microsoft 
Word documert 1n Times New Roman 12-point font. It contains over 34,000 amnno acids, and there 
are 43,781 occurrences of/; 30,710 ofy; 27,120 ofy/; and Just 9,229 of e. 

“almosf a proof ïn ï(self ”: From a PBS Ƒroøwiline pliece called “Breast Implants on Trial”: 
'“The silicon content of lIving organisms decreases as the complexIty of the organism rIses. The ratio 
Of silicon to carbon 1s 250:1 1n the earthˆs crust, [Š5:I 1n humus soIl [soil with orgamc matter]|, l:Ï 1n 
plankton, 1:00 1n ferns, and 1:5,000 1n mammals.” 

“ “Bardeen was the brains of this join(t organism and Brattain was the handsˆ ”: The quote 
about Bardeen and Brattain beIng a JoInt organism comes from the PBS documentary 7ransisforizedl 

“a “øenius sperm bank” ”: Shockleyˆs “øeemus sperm bank,” based In California, was offIcially 
called the Repository for Germinal ChoIce. Heˆs the only Nobel Prize wImner to admit publicly that 
he donated, althouph the sperm bank”s founder, Robert K. Graham, claimed a number of others did, 
too. 

“Nobel Prize for his integrated circuit”: For 1nformation on Kilby and the tyranny of numbers, 
see the wonderful book The Chip?: How To Americans Invented the Microchip and Launched a 
Revolufion by T. R. Reid. Oddly, a club DJ using the handle “Jack Kilby” released a CD 1n 2006 
called Microchip EB with a picture of a very old Kilby on the cover. lt features the songs 
“Neutromum,” “Byte My Scarf,” “Inteprated Circuit,” and ““Transistor. ” 


Ÿ. The Galdpaø0os 0ƒ the Periodic Table 


“the reality of atoms”: It might seem Incredible to us today that Mendeleev refused to believe 
1n atoms, but this was a not uncommon view among chemisfs at the time. They refused to believe 1n 
anything they couldn”t see with theIr own eyes, and they treated atoms as abstractions——a handy way 
of doing the accounting, maybe, but surely fictItIous. 


“af least in historyˆs judement?”: The best descrIptlon of the sIx sclenfIsts competing fo form 
the first systematic arraneement of elements can be found In Eric Scerrl's 7e Periodic Table. Three 
other people are generally øIven credit for coInventing, or at least contributing to, the perlodIc 
Sysfem. 

Alexandre-Emile Béguyer de Chancourtois, according to Scerri, discovered “the single most 
1mportant step” in developing the periodic table——“that the properties of the elements are a perlodIc 
function of their atomic weiphts, a full seven years before Mendeleev arrived at the same 
conclusion.” De ChancourtoIs, a øeologIst, drew his perlodic system on a sprral cylinder, like the 
thread of a screw. The possIbility of his getting credit for the table was dashed when a publisher 
couldn't figure out how to reproduce the cruclal screw diapram showing all the elements. The 
publisher finally threw his hands up and printed the paper w1thout 1t. Imagine trying to learn about the 
periodic table wIthout being able to see 1t! Nonetheless, de ChancourtoIs's cause as founder of the 
periodic system was taken up by his fellow Frenchman Lecoq de BoIsbaudran, perhaps partly to get 
Mendeleevˆs goat. 

William Odling, an accomplished English chemist, seems to have been a victim of bad luck. He 
got many things right about the periodic table but 1s virtually forgotten today. Perhaps with hIs many 
other chemical and admimistrative Interests, he simply got outworked by Mendeleev, who obsessed 
over the table. One thing Odling got wrong was the length of the periods of elements (the number of 
elemernts that have to appear before similar tralts reappear). He assumed all the perlods were of 
length eipht, but that's true only at the top of the table. Because of d-shells, rows three and four 
require a period of eIphteen elements. Because off-shells, rows five and s1x require thirty-two. 

Gustavus Hinrichs was the only Amerlican on the list of codiscoverers (although he was not 
native-born) and the only one described as both a crank and a maverick øemus ahead of his time. He 
published over three thousand sclentific articles In four languages and pioneered the study and 
classiicatlon of elements with the lipht emissions that Bunsen discovered. He also played with 
numerology and developed a sp1ral-arm periIodic table that placed many really touph elements 1n the 
COrrect øroups. As ScerrIi sums him up, “The work of Hinrichs 1s so 1diosyncratic and labyrinthine 
that a more complete study wIll be required before anyone can venture to pronounce on 1fs real 
value.” 

“Earl Grey “eafs" theïr utensils”: If you re dying to see the gallium practical Joke In action, 
you can see a spoon of gallium melting I1nto nothing on YouTube. Oliver Sacks also talks about 
pulling pranks ofthis sort 1n Ứncle Tungsfen, a memoIr ofhis boyhood. 

“Streefs are named for minerals and elemenfs”: For some of the descriptions of the history 
and geology of Ytterby and for detaIls about the town today, I consulted Jim Marshall, a chemnst and 
historian at the University of North Texas, who was extremely generous with his time and help. He 
also sent me wonderful pictures. Jim 1s currentÏy on a quest to revisit the spot where every element 
was first discovered, which 1s why he traveled to Ytterby (easy pickings). Good luck, Jiml 


4. Whecre 1tftorns Comie Fromm 


“proved by 1939”: One man who helped figure out the fusion cycles 1n stars, Hans Bethe, won a 
$500 prize for doing so, which he used to bribe NazI officials and spring his mother and, oddly, her 
furmture from Germany. 

“ “chemically peculiar starsˆ ”: A fun factoid: Astronomers have 1dentified a strange class of 
stars that manufacture promethium through an unknown process. The most famous 1s called 
Przybylskl's star. The truly odd thing 1s that unlike most fusion events deep Inside sftars, the 
promethium must be created on the star”s surface. Otherwlse, 1f's too radioactive and short-lived to 
survive the million-year crawl from the fusion-rich core ofa sftar to 1fs outer layers. 

“stars øovern the fate of mankind”: The two portentous Shakespeare quotes that opened the 
B“ˆFH paper were as follows: 





lỊ is the stars, / The stars above s, goverH our condifions. 
King Lear, acf 4, scene 3 


The ƒault, dear Brufus, is not in our stars, / But in ourselves. 
Julius Caesar, ac£ 1, scene 2 


“posf-ferric fusion”: To be techmcal, stars don't form 1ron directly. They first form mickel, 
element twenty-eiIpht, by fusing tfwo atoms of silicon, element fourteen, together. This mckel 1s 
unstable, however, and the vast maJor1fy of1t decays to Iron w1thin a few months. 

“low-watt, brownish lighf”: Jupiter could 1gmite fusion w1th deuterIum——“heavy” hydrogen with 
one protfon and one neutron——Tf 1t had thirteen times 1†s current mass. Given the rarify of deuterIum (l 
out of every 6,500 hydrogen molecules), it would be a pretty weak sfar, but 1t would still count. To 
1pmife regular hydrogen fusion, Jupiter would need seventy-five tImes 1†s current mass. 

“like microscopic cubes”: And not to be outdone by JupiIter”s or Mercury”s stranege weather, 
Mars sometimes experIences hydrogen peroxIde “snow.” 

“a siderophile, or iron-loving elemen(”: The siderophiles osmium and rhenium have also 
helped sclentists reconstruct how the moon was formed from a cataclysmic 1mpact between the very 
early earth and an asteroid or comet. The moon coalesced from the debrIs that was thrown up. 

“later dubbed Nemesis”: The goddess Nemesis punished hubris. She made sure no earthly 
creature could ever ørow too proud by striking down anyone who threatened to øgrow more powerful 
than the gods. The analoøy to the sun”s companmion star was that 1f earthly creatures (say, dinosaurs) 
evolved toward true Intelligence, Nemesis would wIpe them out before they got traction. 

“like a carousel as it drifts”: Iromcally, the overall motion of the sun, 1ƒ viewed from afar, 
would resemble the old wheels-wIthin-wheels cycles and epIcycles that anclent astronomers bent 
backward trying to explain 1n theIr pre-Copermican, earth-centered cosmos (1f's Just that earth cannot 
be called the center anymore, not by a long shot). Like Miescher and proteIns, this 1s an example of 
the cyclical nature of all ideas, even In scIence. 


3. Elemenfs IH Tùmes 0ƒ War 


“went on to win the war”: For more details on the history of chemical warfare, especially the 
experIence of American troops, see “Chemical Warfare in World War I: The American Experlence, 
1917-1918,” by MaJor Charles E. Heller, part of the Leavenworth Papers published by the Combat 
Studles Institute, U.S. Army Command and General Staff College, Fort Leavenworth, Kansas, 
http:/www-cgsc.army.mil/carl/resources/cs1/Heller/HELLER.asp. 

“6.7 bilion people today”: Among the many other things we can atfribute to Fritz Haber”s 
ammomia: Charles Townes buIlt the first working maser, the precursor ofthe laser, by using ammonia 
as the stimulating agert. 


6. Completing the Table... with a Bang 


“a full and correctf lisí”: Urbain wasn't the only person Moseley embarrassed. Moseleyˆs 
apparatus also dismantled Masataka Ogawas claim for discovering nipponium, element forty-three 
(see chapter 8). 

“ “mosf irreparable crimes in history° ”: For accounts of the bungling orders and battles that 
led to Moseley”s death, see 7e Making oƒ the Atomic Bomb by Richard Rhodes. And actually, you 
should probably Just read the whole thing, since 1t's the best account of twentieth-century sclence 
hisftory yet wr1ften. 

“as “nof øood for muchˆ ”: The 77zze magazIne article that mentioned the discovery of element 
sixty-one also 1ncluded this tidbIt about the question of what to name the element: “One convention 
wag suggested [namnng 1f| grovesium, after loud-mouthed MaJor General Leslie R. Groves, military 
chief of the atom bomb proJect. Chemical symbol: Grr.” 

“Pac-Man style”: Besides the electron-gobbling Pac-Man model of the nucleus, scIentIsfs at the 
time also developed the “plum pudding” model, in which electrons were embedded like raisins In a 
“pudding” of posttive charge (Rutherford disproved this by proving that a compact nucleus exIsted). 
After the dIscovery of fission, scIentists discovered the liquid drop model, in which large nucle1 splIt 
like a drop of water on a surface splitting cleanly 1nto two drops. L1se MeItnerˆs work was cruc1al 1n 
developing the liquid drop model. 

“ “would øo thermonuclearˆ ”: The quotes from George Dyson can be found 1n his book 
Project Orion: The True Story oƒ the tomic Spaceship. 

“ “methodological map" ”: The quote about the Monte Carlo method beIng a “netherland at once 
nowhere and everywhere on the usual methodological map” appears 1n Peter Louis GalIsonˆs aøe 
and Logic. 


7. ExtendiHg the Table, Expanding the Cold 
War 


“ “Talk of the Townˆ sectfion”: The New Yorker 1tem appeared In the April §, 1950, 1ssue and 
was written by E. J. Kahn lr. 


“the alarm one las( time”: For more detalls about the experimerfs that led to elements 94 
thouph II0, and for personal Information about the man himself Ð see Glenn Seaborg's 
autobIiographies, especIally Ádvenfures in the ltomic Age (cowritten with his son Eric). The book 1s 
1ntrinsically Interesting because Seaborg was at the center of so much 1mportant science and played 
such a large role 1n politics for decades. Honestly, thouph, Seaborg”s cautIous writing style makes the 
book a bit bland at poInts. 


“poisonous nickel smelters”: The Information about the lack of trees around Norilsk comes 
from Time.com, which 1n 2007 named Norilsk one of the ten most polluted cities 1n the world. See 


http:/www.ftIme.com(time/spec1als/2007/article/0.28804,1661031_ 1661028_1661022,00.html. 


“đJune 2009, copernicium (Cn)”: It covers a bit ofthe same material as here, but a story Ï wrote 
for Slate.com 1n June 2009 (“Periodic DIscussions,” hftp://www.slate.com/1d/2220300/) examines 1n 
detail why 1t took thirteen full years to promote copermicIum from provIsional elemernt to full member 


of the periodIc table. 


ở. Frormi Physics f0 BIology 


“they won forfy-two”: Besides Segrè, Shockley, and Pauling, the other twelve scIentIsts on the 
cover of 7e were George Beadle, Charles Draper, John Enders, Donald Glaser, Joshua Lederberg, 
W¡illard Libby, Edward Purcell, Isidor Rabi, Edward Teller, Charles Townes, James Van Allen, and 
Robert Woodward. 

The 77ze “Men ofthe Year” article contained the following words by Shockley on race. He meant 
them as complimentary, obviously, but his view on Bunche had to have sounded werrd even at the 
time, and 1n retrospect 1t's creepy. “WIlliam Shockley, 50, 1s that rare breed of scIentist, a theorIst 
who makes no apology for a consuming Interest 1n the practical applications of his work. “Asking 
how much of a research Job 1s pure and how much applied,ˆ says Shockley, “1s like asking how mụuch 
Negro and white blood Ralph Bunche mipht have. What”s Important 1s that Ralph Bunche 1s a preat 
man.” ” 

The article also shows that the legend about Shockley as the main 1nventor of the transistor was 
already firmly established: 


Hired by Bell Telephone Laboratories right after he praduated from M.L”T. in 1936, theoretical 
physicist Shockley was one of a team that found a use for what had prevIously been a sclentific 
parlor stunt: the use of silicon and germanium as a photoelectric device. Along with hIs partners, 
Shockley won a Nobel Prize for turnng hunks of germanium 1nfo the first transistors, the educated 
litfle crystals that are fast replacing vacuum tubes 1n the country”s boomnng electronics 1ndustry. 


“of all the damned luck, Ida Noddack”: Overall, Ida Noddack had a spotfty run as a chemnst. 
She helped find element seventy-five, but her groupˆs work w1th element forty-three was riddled with 
mistakes. She predicted nuclear fission years before anyone else, but about that same time, she began 
arguing that the periodic table was a useless relic, because the multiplication of new 1softopes was 
rendering 1t unwIeldy. Its not clear why Noddack believed that each 1sotope was 1fs own elemert, 
but she did, and she tried to convince others that they should scrap the periodic system. 

“ “[he reason for our blindness ïs nof clearˆ ”: The quote from Segrẻ about Noddack and 
fission comes from his blography Enrico Fermi: Physicist. 

“a malfuncfionine molecule”: Pauling (with colleagues Harvey Itano, S. Jonathan Singer, and 
Ibert Wells) determined that defective hemoglobin causes sickle-cell anemia by running defective 
cells through a gel In an electric field. Cells with healthy hemoglobin traveled one way In the electric 
field, while sickle cells moved In the opposife direction. Thịs meant that the two types of molecules 
had opposite electric charges, a difference that could arise only on a molecular, atom-by-atom level. 

Funmly enouph, FrancIs Crick later cIted the paper In which Pauling laid out his theory about the 
molecular basis of sickle-cell anemia as a maJor influence on him, since 1t was exactly the sort of 
mitty-pritty molecular biology that Interested Crick. 

“a molecular appendix”: Interestinely, blologists are slowly comnng back around to theTr 
original view from Miescherˆs day that proteIns are the be-all and end-all of genetic biology. Genes 
occupIed scIenfists for decades, and they”ll never really go away. But sclIentists now realize that 
øenes camnot account for the amazIng complexity of living beings and that far more 1s goIng on. 





Genomics was 1mportant fundamental work, but proteomnics 1s where there”s real money to be made. 

“DNA was”: To be scrupulous, the 1952 virus experiments with sulfur and phosphorus, 
conductfed by Alfred Hershey and Martha Chase, were not the first to prove that DNA carrles øenetIc 
information. That honor goes to work with bacteria done by Oswald Avery, published In 1944. 
Although Avery 1lluminated the true role of DNA, his work was not wIdely believed at first. People 
were beginning to accept 1t by 1952, but only after the Hershey-Chase experimenfs did people such as 
Linus Pauling really get involved in DNA work. 

People often cite Averyand Rosalind Franklin, who unwittinegly told Watson and Crick that 
DNA was a double helix—as prime examples of people who got locked out of Nobel Prizes. That”s 
not qulfe accurate. Those fwo sclentists never won, but both had died by 1958, and no one won a 
Nobel Prize for DNA until 1962. Had they still been alive, at least one of them might have shared 1n 
the spoIls. 


“James Watson and Erancis Crick”: For primary documernts related to Pauling and his 
competition with Watson and Crick, see the wonderful site set up by Oregon State University, which 
has archived and posted the contents of hundreds of personal papers and letters by Pauling and also 
Thang in a_ documerfary histOry. called _ Linus Pauling and the Race for DNA” at 





“before Pauling recovered”: After the DNA debacle, Ava Pauling, Linus's wIfe, famously 
scolded him. Assuming that he would decipher DNA, Pauling had not broken mụch of a sweat on his 
calculations at first, and Ava lit into him: “If[DNA| was such an Important problem, why didnt you 
work harder at 1?” Even so, Linus loved her deeply, and perhaps one reason he stayed at Cal Tech so 
long and never transferred his alleglance to Berkeley, even thouph the latter was a much stronger 
school at the time, was that one of the more prominent members of the Berkeley faculty, Robert 
OppenheImer, later head of the Manhattan ProJect, had tried to seduce Ava, which made Linus 
furious. 


“the Nobel Prize in Physics”: As one last punch 1n the gut, even Seprẻˆs Nobel Prize was later 
tainted by accusations (possibly unfounded) that he stole Ideas while desigming the experimerts to 
discover the antiproton. Segprè and his colleague, Owen Chamberlain, acknowledged workIing with 
the combative physicIst Oreste PIcclom on methods to focus and guide particle beams with magnets, 
but they demed that PIccloms Ideas were of mụch use, and they didn't list him as an author on a 
cruclal paper. PIcclom later helped discover the antineutron. After Seprẻ and Chamberlain won the 
pr1Zze 1n 1959, Picclom remained bitter about the slipht for years and finally fñled a $125,000 lawsuit 
against them In 1972——which a Judge threw out not for lack of scIentific standing but because 1t had 
been filed more than a decade after the fact. 

From the New Jork Times obituary of PIcclom on April 27, 2002: “ “He”d break down your front 
door and tell you he”s got the best Idea 1n the world,ˆ said Dr. William A. Wenzel, a semior scIenfIst 
emerIfus at Lawrence Berkeley National Laboratory who also worked on the antineutron experImert. 
“Knowing Oreste, he has a lot of1deas; he throws them out a dozen a minute. Some of them are good, 
some of them arent. Nevertheless, I felt he was a good physicIst and he contributed to our 
eXperImernt.ˆ ” 


9, Poisoner”s Corrtidor 


“a øruesome record”: People still die of thallium poIsonming today. In 1994, Russian soldiers 
workIng at an old cold war weapons depot found a canister of white powder laced with this elemert. 
Despite not knowIng what 1t was, they powdered therr feet with 1t and blended 1t with their tobacco. 
A few soldiers reportedly even snorted 1t. All of them came down with a mysferlous, entirely 
unforeseeable 1llness, and a few died. On a sadder note, two children of Iraqi fighter pilots died 1n 
early 2008 affter eating a birthday cake laced with thallium. The motive for the polsoning was unclear, 
althouph Saddam Hussein had used thallium during his dictatorshIp. 

“in his motherˆs backyard”: VarIous newspapers In DetroIt have tracked David Hahn over the 
years, but for the most detailled account of Hahn's story, see Ken SIlversteins artIcle In #arper 's 
magazine, “The Radioactive Boy Scouf” (November 1998). Silverstein later expanded the article 1nto 
a book ofthe same name. 


l0. Tahe Two Elements, Call Me In the Morning 


“a cheaper, lipghter copper nose”: In addition to studying the crust around Brahe”s fake nose, 
the archaeologtsts who dug him up also found signs of mercury poIsonming 1n his mustache——probably 
a result of hIs acfIve research Into alchemy. The usual story of Brahe”s demise 1s that he died of a 
ruptured bladder. One might at a dinner party w1th some minor royalty, Brahe drank too much, but he 
refused to get up and go to the bathroom because he thoupht leaving the table before his social 
superiors did would be rude. By the time he got home, hours later, he couldn”t pee anymore, and he 
died eleven excruclating days later. The story has become a legend, but 1t*s possible that mercury 
poIsonming contributed as much or more to the astronomerˆs death. 

“are c0opper-coated”: The elemental composItions of U.S. coIins: New pennies (since 1982) are 
97.5 percent zInc but have a thin copper coating, to ster1Ì1ze the part you touch. (Old pennies were 95 
percent copper.) Nickels are 75 percent copper, the balance mickel. Dimes, quarters, and half-dollars 
are 91.67 percent copper, the balance nmickel. Dollar coins (besides special-Issue gold coIns) are 
S8.5 percent copper, 6 percent zInc, 3.5 percent manganese, and 2 percent nickel. 

“one-oared rowboats”: Some further facts about vanadium: Some creafures (no one knows 
why) use vanadium In thetr blood 1nstead of 1ron, which turns their blood red, apple øreen, or blue, 
depending on the creature. When sprinkled 1nto steel, vanadium greatly strenethens the alloy w1thout 
adding much weIpht (much like molybdenum and tungsten; see chapfer 5). In fact, Henry Ford once 
boomed: “Why, w1thout vanadium there would be no automobiles!” 

“forced to double up”: The bus metaphor for how electrons ñÏl their shells one at a time until 
“sormeone” 1s absolutely forced to double up 1s one of the best In chemnstry, both folksy and accurate. 
It oripinated with Wolfgang Pauli, who discovered the Pauli “exclusion principle” 1n 1925. 

“surøical strikes without surgery”: Besides gadolinium, gold 1s often cited as the best hope for 
treating cancer. Gold absorbs Infrared light that otherwise passes through the body, and ørows 
extremely warm as 1t does so. Delivering gold-coated particles 1nto tumor cells could allow doctors 
to fry the tumors w1thout damaging the surrounding fissue. This method was 1nvernted by John Kanz1us, 
a businessman and radio technician who underwert thirty-six rounds of chemotherapy for leukemia 
begimnng In 2003. He felt so nauseated and beaten up by the chemo——and was so filled with despalr 
at the sight of the children w1th cancer he encountered 1n his hospital——that he decided there had to be 
a better way. In the middle of the mpht, he came up with the idea of heating metal particles, and he 
built a prototype machine using his w1feˆs bakIng pans. He tested 1t by 1nJecting halfofa hot dog with 
a solution of đissolved metals and placing 1t in a chamber of1ntense radio waves. The tampered-with 
side ofthe hot dog fried, while the other halfremained cold. 

“selling i( as a supplemenf”: In the May 2009 1ssue of 5//hsonmian, the article “Honorable 
Mentlons: Near Misses 1n the Gemus Departmenf” describes one Stan Lindberg, a darinply 
experImertal chemist who took 1t upon himself “to consume every single element of the perlodic 
table.” The article notes, “In addition to holding the North Amertican record for mercury poIsoning, 
his gonzo account of a three-week vtterbium bender... (“Fear and Loathing In the Lanthamrdes”) has 
become a minor classic.” 

I spent a half hour hungrily trying to track down “Fear and Loathing 1n the Lanthanides” before 
realizing Ứd been had. The plece 1s pure fiction. (Although who knows2 Elements are strange 
creatures, and ytterbium mipht very well get you high.) 


“self-administer “drugsˆ such as silver once more”: ƒƒ7ređ. magazIne ran a short news sfory In 
2003 about the online reemergence of “silver health scams.” The money quote: “Meanwhile, docfors 


across the country have seen a surge 1n argyr1a cases. “In the last year and a half, ve seen sIx cases 
of silver poIsoning from these so-called health supplemens,'ˆ said Bill Robertson, the medical 
director of the Seattle PoIson Center. “They were the first cases ˆd seen In fiffy years of medical 
practice.' ” 

“only one handedness, or “chiralityˆ ”: Its a bit of a stretcher to claim that people are 
exclusively left-handed on a molecular level. Even thouph all of our proteins are indeed left-handed, 
all of our carbohydrates, as welÏ as our DNA, have a right-handed twIst. Regardless, Pasteur”s main 
poInt remaIns: 1n different contexts, our bodies expect and can only process molecules of a specIfic 
handedness. Our cells would not be able to translate left-handed DNA, and 1ƒ we were fed left- 
handed sugars, our bodIies would starve. 

“the boy lived”: Joseph Menster, the little boy Pasteur saved from rabies, ended up becoming 
the proundskeeper for the Pasteur Institute. Tragically, poignantly, he was still proundskeeper 1n 1940 
when German soldiers overran France. When one officer demanded that MeIster, the man with the 
keys, open up Pasteur ˆs crypt so that he, the officer, could view Pasteur”s bones, MeIster committed 
suicide rather than be complIcIt 1n this act. 

“by I. G. Farbenindustrie”: The company Domagk worked for, I. G. Farbenndustrie (IGF), 
would later become noforIous around the world for manufacturing the 1nsecticide Zyklon B, which the 
Naz1s used to gas concenfratlon camp prIsoners (see chapter 5). The company was broken up shortly 
after World War II, and many of1fs directors faced war crimes charges at Nuremberg ( United Sfafes 
y Carl Krauch, et ai) for enabling the NazIl governmenf In IfS agøressive war and misftreating 
prIsoners and captured soldiers. IGFˆ”s descendants today include Bayer and BASE. 

“ “the chemistry of dead mat(er and the chemistry of living mat(erˆ ”: Nevertheless, the 
universe seems to be chiral on other levels, too, from the subatomnc to the supergalactic. The 
radiloactive beta decay of cobalt-60 1s an asymmetric process, and cosmologists have seen 
preliminary evidence that galaxIes tend to rotate 1n counterclockwlIse spiral arms above our northern 
galactic pole and 1n clockwIse spIrals beneath Antarctica. 

“the most noforious pharmaceufical of the twentieth century”: A few sclentists recently 
reconsfructed why thalidomide's devastating efects slipped through climcal trials. For mtty-grItty 
molecular reasons, thalidomide doesn't cause birth defects In litters of mice, and the German 
company that produced thalidomide, Grùủnenthal, dịd not follow up mouse trials with careful human 
trials. The drug was never approved for pregnant women 1n the United States because the head of the 
Food and Drug Admnimistration, Frances Oldham Kelsey, refused to bow to lobbying pressure to push 
1t throuph. In one of those curlous tfwIsts of history, thalidomide 1s now making a comeback to treat 
diseases such as leprosy, where 1t's remarkably effective. It's also a good anticancer agent because 1t 
limts the ørowth of tumors by preventing new blood vessels from forming——which 1s also why 1t 
caused such awful birth defects, since embryos" limbs couldn't get the nutrients they needed to ørow. 
Thalidomide still has a long road back to respectability. Most governmerfs have strIct protocols 1n 
place to make sure doctors do not give the drug to women of childbearing age, on the off chance that 
they might become pregnarnt. 

“donˆt know to make one hand or the other”: WIlliam Knowles unfolded the molecule by 
breaking a double bond. When carbon forms double bonds, 1t has only three “arms”” coming out of 1t: 
two single bonds and a double. (There are still eIpht electrons, but they are shared over three bonds.) 
Carbon atoms with double bonds usually form triangular molecules, since a trIcornered arrangement 


keeps 1s electrons as far apart as possible (120 degrees). When the double bond breaks, carbon”s 
three arms become four. In that case, the way to keep electrons as far apart as possIble 1s not with a 
planar square but with a three-dimensional tetrahedron. (The vertices 1n a square are 90 degrees 
apart. In a tetrahedron, they're 109.5 degrees apart.) But the extra arm can sprout above or below the 
molecule, which wIÏÏ In turn ø1ve the molecule either left- or ripht-handedness. 


II. Ho Flernents Deceive 


“in underground particle accelerators”: A professor of mine from college once held me 
captive with a story about how a few people died from nmitrogen asphyxIation 1n a particle accelerafor 
at Los Alamos 1n the 1960s, under cIrcumstances very similar to the NASA accidernt. After the deaths 
at Los Alamos, my professor added Š5 percent carbon dioxide to the øaseous mixtures 1n the 
accelerators he worked on, as a safety measure. He later wrote to me, “Incidenfally I did put 1t to the 
test about a year later, when one of our graduafe student operators did exactly the same thing [1.e., 
forgot to pump the Inert aIr out and let oxygenated aIr back In]. I entered the pressure vessel with 1t 
full of inert gas.... But not really, [because] by the time I got my shoulders through the hole I was 
already 1n desperation, panting due to “breathe more! commands from my breathing center.” AIr 1s 
normally 0.03 percent CO›, so one breath ofthe doped aIr was about 167 times more pofent. 


“scales up very quickly to toxic”: To 1ís shame and embarrassment, the U.S. øovernment 
admtfed 1n 1999 that 1t had knowIngly exposed up to twenty-six thousand scIentists and techniclans to 
hiph levels of powdered beryllium, to the extent that hundreds of them developed chromc berylliun 
disease and related ailments. Most of the people poIsoned worked 1n aerospace, defense, or atomic 
energy——Industries the øovernment decided were too 1mportant to arrest or Impede, so 1t neIther 
Improved safety standards nor developed an alternative to beryllium. The ?//sburgh Post-GŒazeffe 
ran a long and damming front-page exposé on Tuesday, March 30, 1999. It was tiled “Decades of 
Risk,” but one of the subtitles captures the pith of the story better: “Deadly Alliance: How Industry 
and Government Chose Weapons over Workers.” 

“and calcium”: However, sclentists at the Monell Chemical Senses Center in Philadelphia 
believe that in addition to sweet, sour, salty, bitter, and savory (umamn), humans have a separate, 
unique faste for calcium, too. They°ve defimitely found 1t in mice, and some humans respond to 
calcIum-erriched water as well. So what does calcrum taste like? From an announcement about the 
findings: “ “Calcium tastes calcIumy,' [lead sclentist Michael] Tordoff said. “There 1sn't a better 
word for 1t. lt 1s bitter, perhaps even a litfle sour. But Its much more because there are actual 
receptors for calcIum." ” 

“like so much sand”: Sour taste buds can also go flat. These taste buds respond mostly to the 


hydrogen ion, H”, but in 2009 scientists điscovered that they can taste carbon dioxide as well. (CO› 
combines with H;O to make a weak acid, H;CO:, so perhaps that'*s why these taste buds perk up.) 


Doctors discovered this because some prescription druøs, as a side effect, suppress the ability to 
taste carbon đdioxide. The resulting medical condition 1s known as the “champagne blues,” since all 
carbonated beverages taste flat. 


l2. Political FElemten£s 


“killed Pierre”: Pierre mipht not have lived long anyway. In a poIgnant memory, Rutherford 
once recalled watching PIerre Curie do an astounding ølow-in-the-dark experiment wIth radIum. But 
in the feeble preen glow, the alert Rutherford noticed scars covering Plerre”s swollen, Iniamed 
fingers and saw how difficult it was for him to øgrasp and mamipulate a test tube. 

“her rocky personal life”: For more details about the Curles especially, see Sheilla J]onesˆs 
wonderful book 7e Quanfum Ten, an account of the surpr1sinely contenftious and fractious early days 
Of quantum mecharmics, circa 1925. 

“pre-seeped bottfles of radium and thorium water”: The most famous casualty of the radIum 
craze was the steel tycoon Eben Byers, who drank a bottle of Radithor ˆs radIum water every day for 
four years, convinced 1t would provide him with something like 1mmortality. He ended up wasting 
away and dyIng from cancer. Byers wasn”t any more fanatical about radioactivity than a lot of people; 
he simply had the means to drink as much of the water as he wished. The Mail Sireet .Journal 
commemorated his death with the headline, “The Radium Water Worked Fine Until His Jaw Came 
Off” 

“jfs spo( on the table”: For the true story of hafmums discovery, see Eric Scerrls 77 
Periodic laBle, a thorough and superbly documented account of the rise of the perlodic system, 
1ncluding the often strange philosophies and worldviews of the people who founded 1t. 

“special “heavyˆ water ”: Hevesy performed heavy-water experimenfs on goldfish as well as 
himself, and he ended up killing a number of them. 

Gilbert LewIs also used heavy water In a last-ditch effort to win the Nobel Prize In the early 
1930s. Lewis knew that Harold Urey's discovery of deuteriun—heavy hydrogen with an extra 
neutron—would win the Nobel Prize, as did every other sc1entist 1n the world, including Urey. (After 
a mosfly lackluster career that Included ridicule from his 1n-laws, he came home ripht affer 
điscovering deuterrum and told his wIfe, “Honey, our troubles are over.”) 

LewIs decided to hitch himself to this no-miss pr1Ze by Invesflgating the biological effects of 
water made with heavy hydrogen. Others had the same Idea, but Berkeley's physics departmert, 
headed by Ernest O. Lawrence, happened to have the world”s largest supply of heavy water, quite by 
accident. The team had a tank of water 1t had been using for years 1n radioactfivity experImerts, and 
the tank had a relatively high concentration of heavy wafer (a few ounces). Lew1s begged Lawrence 
to let him pur1fy the heavy water, and Lawrence agreed——on the condition that LewIs give 1t back 
after his experImernts, since 1t might prove Important in Lawrenceˆs research, too. 

LewIs broke his promnise. After 1solating the heavy water, he decided to g1ve 1† to a mouse and see 
what happened. One queer effect of heavy water 1s that, like ocean water, the more you drink, the 
more throat-scratchingly thirsty you feel, since the body camnot metabol1ze 1t. Hevesy 1ngested heavy 
wafer 1n ftrace amounts, so his body really didnˆt notice, but LewIs”s mouse gulped all the heavy 
water In a few hours and ended up dead. Killing a mouse was hardly a Nobel Prize—worthy exercIse, 
and Lawrence went apoplectic when he learned a lousy rodent had peed away all his precIous heavy 
WaIf€T. 

“blocked him for personal reasons”: KazImierz FaJans's son Stefan FaJans, now a professor 
emerifus of Internal medicine at the Umversity of Michigans medical school, kindly supplied 
1nformation to me 1n an e-malÏ: 


In 1924 I was six years old, but either then and certainly 1n the years to follow I dịd hear from my 
father of some aspects of the Nobel Prize story. That a Stockholm newspaper published a headline 
“K. FaJans to Receive Nobel Prize” (I do not know whether 1t was 1n chemistry or physIcs) 1s not 
rumor but fact. Ï remember seeing a copy of that newspaper. I also remember seeIng In that 
newspaper a photo of my father walking 1n front of a building in Stockholm (probably taken 
earller) 1n somewhat formal dress but not [formal] for that time.... What I dịd hear was that an 
inuential member of the commmnttee blocked the award to my father for personal reasons. Whether 
that was rumor or fact 1s Impossible to know unless someone could look at the minutes of these 
meetings. [ belleve they are secret. [ do know as a fact that my father expected to recerve the 
Nobel Prize as 1ntimated to him by some people 1n the know. He expected to receIve 1f 1n the years 
to follow.... but 1t never happened, as you know. 


“ “Drofactinium' stuck”: Meitner and Hahn actually named their element “protoactinum,” and 
only in 1949 dịd sclentists shorten 1t by removing the extra o. 

“ “disciplinary bias, political obtuseness, ienorance, and haste" ”: There's a wonderful 
dissection of Mettner, Hahn, and the awarding of the Nobel Prize In the September 1997 1ssue of 
Physics Today (“A Nobel Tale of Postwar InJustice” by Elisabeth Crawford, Ruth Lewin Sime, and 
Mark Walker). The article 1s the source of the quote about Mettner losing the pr1ze because of 
“disciplinary b1as, political obtuseness, 1penorance and haste. ” 

“the peculiar rules for naming elemenfs”: Once a name has been proposed for an elemert, the 
name øets onÍy one shot at appearing on the periodic table. If the evidence for the elemert falls apart, 
or 1f the International governing body of chemistry (IUPAC) rules against an element”s name, 1t 1S 
blacklisted. This mipht feel satisfying 1n the case of Otto Hahn, but 1t also means that no one can ever 
name an element “Joliotiun” after lrène or Frédéric Joliot-Curle, since “Joliottum” was once an 
official candidate name for element 105. Ifs unclear whether “ehiorsium” has another shot. Perhaps 
“alphiorsium” would work, although IUPAC frowns on using first and last names, and 1n fact once 
reJected “melsbohrium” 1n favor of plain “bohrIum” for element I07——a decIsion that didn”t please 
the West German team that discovered 107, since “bohrIum” sounds too mụch like boron and bar1um. 


l3. Elemenfs as Money 


“in Colorado ïn the 1§60s”: The fact that gold-tellurIum compounds were discovered 1n the 
mounfains of Colorado 1s reflected 1n the name ofa local mining town, Telluride, Colorado. 

“Jfˆs called fluorescence”: To clarIfy some easily (and often) confused terms, “luminescence” 
1s the umbrella term for a substance absorbing and emitting lipht. “Fluorescence” 1s the 1nstantaneous 
process described 1n this chapter. “Phosphorescence” 1s similar to fÍuorescence——It consIsfs Of 
molecules absorbing high-frequency light and emitting low-frequency lipht—but phosphorescing 
molecules absorb light like a battery and continue to glow long after the lipht shuts off. ObvIously, 
both fluorescence and phosphorescence derIve from elements on the periodic table, fluorine and 
phosphorus, the two most prominent elements 1n the molecules that first exhibited these traits to 
chemnsts. 

“the silicon semiconductor revolution eipghty vears later”: Moore”s law says that the number 
Of silicon transistors on a microchip wIll double every eigphteen months——amazIngly, 1t has held true 
since the 1960s. Had the law held for aluminmum, Alcoa would have been produciIng 400,000 pounds 
of alumimum per day wIthin two decades of starting up, not Just 86,000. So alumimum dịd well, but 
not quite welÏ enough to beat 1ts neIphbor on the periodic table. 

“Alcoa shares worth $30 million”: Thereˆs some discrepancy about the magmitude of Charles 
Hall”s wealth at his death. Thirty million dollars 1s the hiph end of the range. The confusion may be 
because Hall died 1n 1914 but his estate was not setfled until fourteen years later. One-third of hIs 
estate went to Oberlin College. 

“spelline disaøreemení”: Aside from differences ðefween languages, other spelling 
discrepancIes w/hin a language occur with cesium, which the British tend to spell “caesium,” and 
sulfur, which many people still spell “sulphur.” You could make a case that element I10 should be 
spelled mendeleevium, not mendelevium, and that element III should be spelled röntgemum, not 
roenteenium. 


LẠ. ÁrfIsfIC F.ÏcIneHfS 


“Svbille Bedford could write”: The Sybille Bedford quote comes from her novel 4 Legaey. 

“a hobby”: Speaking of strange hobbles, I can”t zo/ share this 1n a book full of quirky stforles 
about elements. This anapram won the Speclal Category prIze for May 1999 at the Web site 
Anagrammy.com, and as far as m concerned, this “doubly-true anagram” 1s the word puzzle of the 
millennum. The first half equates thirty elements on the periodic table with thirty other elements: 


hydrogen + zIrconium + tin + oxygen + rhenium + platinum + tellurIum + terbTium + nobelIum + 
chromium + 1ron + cobalt + carbon + aluminum + ruthenium + sillcon + ytterbrium + hafnmum + 
sodIum + selenium + cerIum + manganese + osmium + uramum + mckel + praseodymium + erb1um 
+ vanadium + thallium + plutonium 


nitrogen + zInc + rhodrum + helium + argon + neptumum + beryllium + bromine + lutetrium + boron 
+ calcIum + thorIum + mobIum + lanthanum + mercury + fluorine + bIsmuth + actinum + sIlver + 
cesium + neodymium + magnesium + xenon + samarIum + scandium + europIum + berkelium + 
palladium + antimony + thuÌIum 


Thats pretty amazing, even 1f the number of? endings mitigated the difficulty a little. The 
kicker 1s that 1f you replace each element with 1fs atomic number, the anagram still balances. 


J340-*+50+81 7527815321603 1021+242+ 2012/1202 1351+3'+l414703+7/2+l12+ 
34 T000 239 70 1? 02.51090170 5397.100 tư) D1 0À 


#1 3U 1?) 2m l0 g2 at 2ý 1/1200 17700907111 07737/+2 9012709178 12100211/ 12) 
60+ 12+54+62+21l+63+97+4óá+5I+69 
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As the anagrams author, Mike Ketth, said, “This 1s the longest doubly-true anapram ever 
constructed (using the chemical elements——or any other set of this type, as far as I know).” 

Along these lines, thereˆs also Tom Lehrer 's Iincomparable song “The Elements.” He adapted the 
tune from Gilbert and Sullivan's “I Am the Very Model of a Modern MaJor-General,” and 1n 1t he 
names every element on the periodic table 1n a brisk eighty-six seconds. Check 1t out on YouTube: 
““There”s antimony, arsemic, aluminum, selenium... ” 


“ “Plutonistsˆ ”: Plutomsts were sometimes called Vulcamsts, too, affer the fire god Vulcan. 
Thịs moniker emphas1zed the role ofvolcanoes 1n the formation of rocks. 


“Döbereinerˆs pillars”: Döbereiner called his øroupIngs of elemenfs not triads but affimties, 
part of his larger theory of chemical affimtles—a term that gave Goethe (who frequently attended 


Döbereinerˆs lectures at Jena) the 1nspiration for the title k/ecfive AƒJfini1ies. 


“inches close to majesty”: Another maJestic design Inspired by elements 1s the wooden 
Periodic Table Table, a coffee table built by Theodore Gray. The table has more than one hundred 
slots on top, in which Gray has stored samples of every extant element, including many exclusIvely 
man-made ones. Of course, he has only minute quantitles of some. His samples of francium and 
astatine, the two rarest natural elemenfs, are actually hunks of uranium. Gray”s argumert 1s that 
somewhere buried deep 1nside those hunks are at least a few atoms of each one, which 1s true and 
honestly about as good as anyone has ever done. Besides, since most of the elemenfs on the table are 
gray metals, 1ˆs hard to tell them apart anyway. 


“ruthenium began capping every Parker Š1 in 1944”: For the details about the metallurgy of 
the Parker 51, see “Who Was That Man?” by Damiel A. Zazove and L. Michael Fultz, which appeared 


1n the fall 2000 1ssue of Pennami, the house publication of the Pen Collectors of America. The article 
1s a wonderful 1nstance of dedicated amateur history——of keepirng alive an obscure but charming bit of 
Americana. Other resources for Parker pen 1nformation Iinclude ParkerŠS Ï.com and Vintasøepens.com, 

The famed tip on the Parker 5Ï was actually 96 percent ruthemum and 4 percent IridIum. The 
company advertised the mbs as being made of super-durable “plathemum,” presumably to mislead 
competifors 1nto thinking that expensive platInum was the key. 


“which Remington turned around and printed anvway”: The text of the letter Twain sent to 
Remington (which the company printed verbatim) 1s as follows: 


GENTLEMEN: Please do not use my name in any way. Please do not even đivulee the ƒact that 
lown a machine. l have entirely stopped using the Tỳpe-Writer, ƒor the reason that Ï never 
could write a letter with it to anybody without receiving a request by return mail that Ï would 
not onÏy describe the machine, but state what progress l had made in the se Oƒ it, efc., efc. Ï 
don † like to write lefters, and so Ï don † want people to know Ï own this curiosify-breeding 
litile joker. Yours truly, Saml. L. Clemens 


l5. 1n Element 0ƒ Madness 


“pathological sclence”: Credit for the phrase “pathological sclence” goes to chemist Irving 
Langmurr, who gave a speech about 1t In the 1950s. Two 1nteresting notes on Langmuir: He was the 
younger, brighter colleague whose Nobel Prize and Iimpudence at lunch mipht have driven Gilbert 
LewIs to kill himself (see chapter I). Later In life, Langmuir grew obsessed with controlling the 
weather by seeding clouds——a muddled process that skirted awfully close to becoming a pathologtcal 
scIence 1fself. Not even the preaf ones are 1mmune. 

In writing this chapter, [ departed somewhat from Langmurr 's descrIption of pathological sclence, 
which was rather narrow and legalistic. Another take on the meaning of pathologlical sclence comes 
from Demis Rousseau, who wrote a top-rate article called “Case Studies 1n Pathological Sclence” for 
American Scienfisf 1n 1992. However, Ïm also departing from Rousseau, mosfly to include sclences 
such as paleontology that arenˆt as data driven as other, more famous cases of pathologIcal scIence. 

“Philip died at sea”: Philip Crookes, WIilliams brother, died on a vessel laying some of the 
first transatlantic cables for telegraph lines. 

“supernafural forces”: WIlliam Crookes had a mystical, pantheistic, SŠpInozIstic view of 
nature, in which everything partakes of “one sole kind of matter.” This perhaps explains why he 
thought he could commune with ghosts and sp1r1ts, since he was part of the same material. Ifyou think 
about 1t, though, this view 1s quife odd, since Crookes made a name for himself discovering new 
elements—which by defintion are different forms of matter! 

“manganese and the meøalodon”: For more details on the link between the megalodon and 
manganese, see Ben S. Roesch, who published an article evaluating how unfeasible 1t 1s to think that 
the megalodon survived 1n 72c Crypfozoology Review (what a word—“cryptozoology”!) 1n the 
autumn of 1998 and revisited the topic 1n 2002. 

“The patholoøy started with the manganese”: In another strange link between the elements 
and psychology, Oliver Sacks notes 1n 4wakenings that an overdose of manganese can damage the 
human braIn and cause the same sort of Parkinson's disease that he treated 1n his hospital. It”s a rare 
cause of Parkinson's, to be sure, and doctors donˆt quite understand why this elemernt targets the brain 
Iinstead of, like most toxIc elemenfs, goIng after other vital organs. 

“a dozen African bull elephants”: The bull elephant calculation works as follows. According 
to the San Diego Zoo, the hugest elephant ever recorded weiphed approximately 24,000 pounds. 
Humans and elephants are made of the same basic thing, water, so their densitles are the same. To 
figure out the relative volume 1f humans had the appetite of palladium, we can therefore Just multiply 
the weIpht ofa 250-pound man by 900 and divide that number (225,000) by the weIpht of an elephart. 
That gives 9.4 elephants swallowed. But remember, that was the biggest elephant ever, standing 
thirteen feet at the shoulders. The weipht of a normal bull elephant 1s closer to 18,000 pounds, which 
øIves about a dozen swallowed. 


“a betfer, more concise descripfion of pathological science”: David Goodstein's article on 
cold fusion was tifled “Whatever Happened to Cold Fusion?” It appeared 1n the fall 1994 1ssue ofthe 


American Scholar. 


l6. Chemistry Way, Way Below Zero 


“proved an easier thing to blame”: The theory that tin leprosy doomed Robert Falcon Scott 
seems to have orIginated 1n a New York Times article, althouph the article floated the theory that what 
failed was the tins themselves (I.e., the containers) in which Scotft's team stored food and other 
supplies. Only later did people start to blame the disintepration of tin solder. Thereˆs an 1ncredIbly 
wide varlation, too, in what historians claim that he used for solder, 1ncluding leather seals, pure tin, 
a tin-lead mixture, and so on. 

“and øo roaming”: Plasma 1s actually the most common form of matfter In the universe, since 1t”s 
the maJor constituent of stars. You can find plasmas (albeit very cold ones) 1n the upper reaches of the 
earth's atmosphere, where cosmic rays from the sun 1onize 1solated gas molecules. These rays help 
produce the eerle natural light shows known as the aurora borealis In the far north. Such high-speed 
collisions also produce antimatter. 

“blends of two states”: Other colloids 1nclude Jelly, fog, whipped cream, and some types of 
colored glass. The solid foams mentioned 1n chapter l7, in which a gas phase 1s Interspersed 
throughout a solid, are also colloids. 

“with xenon in 1962”: Bartlett performed the cruclal experIiment on xenon on a Friday, and the 
preparation took him the entire day. By the time he broke the glass seal and saw the reaction take 
place, 1t was after 7:00 p.m. He was so keyed up that he burst 1nto the hallway 1n his lab building and 
began yelling for colleagues. All of them had already gone home for the weekend, and he had to 
celebrate alone. 

“Schrieffer”: In a macabre late-life crIsis, one of the BCS trio, Schrieffer, killed two people, 
paralyzed another, and Injured five more 1n a horrific car accldent on a California hiphway. Affter 
nine speedIng tickets, the sevenfy-four-year-old Schrtieffer had had his license suspended, but he 
decided to drive his new Mercedes sports car from San FrancIsco to Santa Barbara anyway, and had 
revved his speed well Into the triple digits. DespIte his speed, he somehow managed to fall asleep at 
the wheel and slammecd Into a van at III mph. He was goIng to be sentenced to eight months In a 
county JaIl until the victims” families testified, at which point the Judge said that Schrieffer “need[ed| 
a taste of state prIson.” The AssocIated Press quoted his erstwhile colleague Leon Cooper muftering 
1n disbelief: “This 1s not the Bob I worked with.... This 1s not the Bob that I khew.” 


“almosf”: Now, to back off my rigid stance a little, there are a few gøood reasons why many 
people conflate the uncertainty principle with the 1dea that measuring something changes what you re 
tryIng fo measure—the so-called observer effect. Lipht photons are about the timest tools sclenfists 
have to probe thinøs, but photons arent that mụch smaller than electrons, protons, or other particles. 
So bouncing photons off them to measure the s1ze or speed of particles 1s like tryIng to measure the 
speed of a dump truck by crashing a Datsun Info 1t. You'll get Information, sure, but at the cost of 
knocking the dump truck off course. And 1n many seminal quantum physIcs experIments, observing a 
particle's spin or speed or position does alter the reality of the experiment 1n a spooky way. 
However, while 1s falr to say you have fo understand the uncertainty principle to understand any 
change takIng place, the cause of the change 1†self1s the observer effect, a distinct phenomenon. 

Of course, 1t seems likely that the real reason people conflate the two 1s that we as a socIefy need 
a metaphor for changing something by the act of observIng 1t, and the uncertainty princiIple fills that 
need. 


“than the “correct° theory”: Bose”s mistake was statistical. Ifyou wanted to figure the odds of 
øetftIng one tail and one head on two con flips, you could determine the correct answer (one-half) by 
looking at alÏ four possIbilittes: HH, TL, TH, and HT. Bose basically treated HT and TH as the same 
oufcome and therefore øot an answer ofone-third. 

“the 2001 Nobel Prize”: The Unmversity of Colorado has an excellent Web site dedicated to 
explaiming the Bose-E1nstein condensate (BEC), complete w1th a number of cormputer animations and 
1nteractive tools: http:/www.colorado.edu/physics/2000/bec/. 

Cornell and WIeman shared their Nobel Prize with Wolfgang Ketterle, a German physicIst who 
also created the BEC not long after Cornell and Wieman and who helped explore 1fs unusual 
properties. 

mfortunately, Cornell almost lost the chance to enJoy his life as a Nobel Prize wInner. À few 
days before Halloween In 2004, he was hospitalized with the “fư” and an aching shoulder, and he 
then slipped Into a coma. A simple strep 1nfection had metastas1zed Into necrof1zIng fasc1I1fIs, a severe 
sof† tissue 1nfection often referred to as flesh-eating bacterla. Surgeons amputated his left arm and 
shoulder to halt the Infection, but 1t didnˆt work. Cornell remained half-alive for three weeks, until 
doctors finally stabilized him. He has since made a full recovery. 


l1”. Spheres 0ƒ .Splendor 


“to study blinking bubbles ful-time”: Putterman wrote about falling 1n love with 
sonoluminescence and his professional work on the subJect in the February 1995 1ssue of Scienfific 
American, the May T998 1ssue of Physics Worid, and the August 1999 1ssue of Physics World. 

“bubble science had a strong enough foundation”: One theoretical breakthrough 1n bubble 
research ended up playIng an Interesting role 1n the 2008 OlympIcs 1n China. In 1993, two physIcIsts 
at Trimty Umversity in Dublin, Robert Phelan and Demis Wearre, fipured out a new solution to the 
“Kelvin problem”: how to create a bubbly foam structure with the least surface area possible. Kelvin 
had suggested creating a foam of polygonal bubbles, each of which had fourteen sides, but the Irish 
duo outdid him with a combination oftwelve- and fourteen-sided polygons, reducIng the surface area 
by 0.3 percent. For the 2008 OlympIcs, an architectural firm drew on Phelan and W©aIres work to 
create the famous “box of bubbles” swImming venue (known as the Water Cube) In BeliJing, which 
hosted Michael Phelpsˆs 1ncredible performance 1n the pool. 

And lest we be accused of posttive blas, another active area of research these days 1s 
“antibubbles.” Instead of being thịn spheres of liquid that trap some alr (as bubbles are), antibubbles 
are thin spheres of alr that trap some liquid. Naturally, instead ofrising, antibubbles sink. 


lễ. Tools 0ƒ RidicHlous Precision 


“calibrate the calibrators”: The first step 1n requesting a new calibration for a country”s 
oficial kilopram 1s faxing In a form (I) detailing how you wIll transport your kilogram through 
aIrport security and French customs and (2) clarifying whether you want the BIPM to wash 1t before 
and after 1t has done the measuremerfs. Official kilopgrams are washed 1n a bath of acetone, the basic 
Iineredient 1n fingernail polish remover, then patted dry with lint-free cheesecloth. After the Imtial 
washing and affter each handling, the BIPM team lets the kilopram stabilize for a few days before 
touching 1t again. With all the cleaning and measuring cycles, calibration can eastlly drag on for 
morths. 

The Umited States actually has two platinum-rridium kilograms, K20 and K4, with K20 being the 
oficial copy simply because 1t has been 1n the Umted States” possession longer. The United States 
also has three all-but-official copIes made of stainless steel, two of which NIST acquired within the 
past few years. (Being stainless steel, they are larger than the dense platinum-rridium cylinders.) 
Therr arrival, coupled with the security headache of flying the cylinders around, explains why ZeIna 
Jabbour 1sn't In any hurry to send K20 over to Paris: comparing 1t to the recently calibrated steel 
cylinders 1s almost as good. 

Three times 1n the past century, the BIPM has summoned all the official national kilograms In the 
world to Paris for a mass calibration, but there are no plans to do so agaIn 1n the near future. 


“those fine adjustmenfs”: To be scrupulous, cesrium clocks are based on the ñyperƒ/rne splItting 
of electrons. The fine splitting of electrons 1s like a difference of a halfone, while the hyperfine 
splitting 1s like a difference ofa quarter tone or even an eIghth tone. 

These days, cesium clocks remain the world standard, but rubidrum clocks have replaced them 1n 
mosf applications because rubidium clocks are smaller and more mobile. In fact, rubidium clocks are 
often hauled around the world to compare and coordinate time standards 1n different parts of the 
world, much like the International Prototype Kilogram. 


“numeroloøy”: About the same time that Eddington was workIng on alpha, the great physIcIst 
Paul Dirac first popularized the Idea of Inconstants. On the atomnc level, the electrical attraction 
between protons and electrons dwarfs the aftraction of pravity between them. In fact, the ratio 1s about 
10^40, an unfathomable 10,000 trillion trillion trillion times larger. Dirac also happened to be 
lookIng at how quickly electrons zoom across atoms, and he compared that fraction of a nanosecond 
with the time 1t takes beams of light to zoom across the entire universe. Lo and behold, the ratio was 
10^40. 

Predictably, the more Dirac looked for 1t, the more that ratio popped up: the size of the universe 
compared to the size of an electron; the mass ofthe universe compared to the mass of a profon; and so 
on. (Eddington also once testified that there were approximately 10^40 trmes 10^40 protons and 
electrons 1n the universe—another mamifestation.) Overall, Dirac and others became convinced that 
some unknown law of phystlcs forced those ratlos to be the same. The only problem was that some 
ratIlos were based on changing numbers, such as the size ofthe expanding universe. To keep hIs ratIos 
cqual, Dirac hit upon a radical Idea——that øgravIty prew weaker wIth time. The only plausible way this 
could happen was 1f the fundamertal sravitational constant, GŒ, had shrunk. 

Dirac”s ideas fell apart pretty quickly. Among other faws that scIentists pointed out was that the 


briphtness of stars depends heavily on G, and 1f G had been much higher In the past, the earth would 
have no oceans, since the overbripht sun would have boiled them away. But Dirac”s search Inspired 
others. At the height of this research, 1n the 1950s, one sclentist even suggested that all fundamental 
constants were constantly dimimshing——which meant the universe wasn't getting bigser, as commonly 
thouelht, but that the earth and human beings were shrinking! Overall, the history of varyIng constanfts 
resembles the history of alchemy: even when theres real scIence øoIng on, 1f's hard to sIft 1t from the 
mysticIsm. Sclentists tend to Invoke 1nconstants to explain away whatever cosmological mysferIes 
happen to trouble a particular era, such as the accelerating unIverse. 

“ Australian astronomers”: For detalls about the work of the Australian astronomers, see an 
article that one of them, John Webb, wrote for the April 2003 1ssue of Phys¡cs Worid, “Are the Laws 
of Nature Changing with Time?” I also Interviewed a colleague of Webb”s, Mike Murphy, in June 
2008. 

“a fundamental constan( changing”: In other alpha developments, sclentists have long 
wondered why physiIcIsts around the world camnot agree on the nuclear decay rates of certain 
radioactive atoms. The experimenfs are stralphtforward, so there”s no reason why different øroups 
should get different answers, yet the discrepancIes persIst for element after element: silicon, radIum, 
manganese, tItanrum, cesium, and so on. 

In tryIng to solve this conundrum, sclentists in England noted that groups reported different decay 
rates at different times of the year. The English group then IngemiousÌy suggested that perhaps the fine 
structfure consfant varles as the earth revolves around the sun, since the earth 1s closer to the sun at 
certain times of the year. There are other possIble explanatilons for why the decay rate would vary 
periodically, but a varying alpha 1s one of the more 1ntriguing, and 1t would be fascinating 1f alpha 
really did vary so mụch even wIthin our own solar systeml 

“from the beginning”: Paradoxically, one group really rooting for scIentisfs to find evidence 
for a varlable alpha 1s ChrIstian fundamentalists. If you look at the underlying mathematics, alpha 1s 
defined In terms of the speed of light, among other things. Althoueh 1t's a liftle speculative, the odds 
are that If alpha has changed, the speed of lipht has changed, too. Now, everyone, Including 
creatiomsts, aprees that lipht from distant stars provides a record, or at least appears to provide a 
record, of evenfs from billions of years ago. To explain the blatant contradiction between this record 
and the time line in GenesIs, some creafionisfs argue that God created a universe with light already 
“on the way” to test believers and force them to choose God or sclence. (They make similar clalms 
about dinosaur bones.) Less draconmian creatiomists have trouble with that Idea, since 1t paints God as 
deceptive, even cruel. However, If the speed of light had been billions oftimes larger 1n the past, the 
problem would evaporate. God still could have created the carth six thousand years ago, but our 
1pnorance about light and alpha obscured that truth. Suffice 1t to say, many of the sclentists working on 
variable constants are horrified that their work 1s beIing appropriated like this, but among the very few 
people practicing what might be called “fundamenfalist physIcs,” the study of variable constanfs 1s a 
hot, hot field. 

“impish”: There”s a famous pIcture of Enrico Fermi at a blackboard, with an equation for the 
defimtion ofalpha, the fine structure constant, appearing behind him. The queer thing about the pIcture 
1s that Fermi has the equation partly upside down. The actual equation ¡s alpha = e”/hc, where e = the 
charge of the electron, h = Planck's constant (h) divided by 27r and c = the speed of light. The 
equation in the picture reads alpha = h/ec. It's not clear whether Fermi made an honest mistake or 
was having a bit of fuin with the photographer. 


“Drake originally calculated”: If you want a good look at the Drake Equation, here goes. The 
number of c1v1]1zatlons In our galaxy that are trying to get 1n touch with us, N, supposedly equals 


N=R*xftxnxfxfxf xL 


where R* 1s the rate of star formation 1n our local galaxy; fp 1s the fraction of stars that conJure up 
planets; n_ 1s the average number of suitable home planets per conjuring star; Í, f, and Í_ are, 
respectfively, the fractions of hospitable planets with life, Intelligent life, and soclable, eager-fo- 
communicate life; and L 1s the length of time alien races send signals Iinto space before wIpIng 
themselves out. 

The original numbers Drake ran were as follows: our galaxy produces ten stars per year (R* = 
10); half of those stars produce planets (fb = ⁄2); each star with planets has two suifable homes (n, 
2, althouph our own galaxy has seven or so—Venus, Mars, Earth, and a few moons of JupIter and 
Saturn); one of those planets wIll develop life (f{ = l1); l percent of those planets will achieve 
Intellipgent life (f = 1/100); I percent of/ose planets wIll produce post-caveman life capable of 
beaming signals Into space (f_ = 1/100); and they will do so for ten thousand years (L = 10,000). 
'Work all that out, and you get ten c1v1l1zatlons trying to commumicate wIth earth. 

Opimons about those values differ, sometimes wildly. Duncan Forgan, an astrophysIcIst at the 
Umiversity of Edinburegh, recently ran a Monte Carlo simulation of the Drake Equation. He fed In 
random values for each of the variables, then computed the result a few thousand times to find the 
most probable value. Whereas Drake figured that there were ten c1v1Ì1zatlons trying fo get In touch 
with us, Forgan calculated a total of 31,574 crvilizatlons Just In our local galaxy. The paper 1s 


avarlable at http://arxIv.org/abs/0810.2222. 


19. 1bove (and Beyond) the Periodic Table 


“one force øains the upper hand, then the other”: The third of the four fundamertal forces 1s 


the weak nuclear force, which governs how atoms undergo beta decay. IUs a curlous fact that 
francIum struggles because the strong nuclear force and the electromagnetic force wrestle Inside 1t, 
vyet the element arbitrates the strupøle by appealing to the weak nuclear force. 

The fourth fundamertal force 1s gravity. The strong nuclear force 1s a hundred times stronger than 
the electromagnetic force, and the electromagnetic force 1s a hundred billion tImes stronger than the 
weak nuclear force. The weak nuclear force 1s 1n turn ten million billion billion times stronger than 
gravify. (To øIve you some sense of scale, thats the same number we used to compute the rarIfy of 
astatine.) Gravity dominates our everyday lives only because the strong and weak nuclear forces have 
such short reach and the balance of protons and electrons around us 1s equal enouph to cancel most 
electromagnetic forces. 


“un.bi.bium”: After decades of sclenfists having to build super-heavy elemenfs laborIously, 
atom by atom, In 2008 Israeli sclentists claimed to have found element 122 by reverting to old-style 
chemnstry. That 1s, affer sifting through a natural sample of thorium, the chemical cousin of 122 on the 
periodic table, for months on end, a team led by Amnon Marinov claimed to have 1dentified a number 
ofatoms of the extra-heavy element. The crazy part about the enterprise wasn't Just the claim that such 
an old-fashioned method resulted in a new element; 1t was the claim that element 122 had a halflife 
of more than 100 million years! That was so crazy, 1n fact, that many sclenfists øot suspIcIous. The 
claim was looking shakler and shakier, but as of late 2009, the Israelis hadnˆt backed off from thetr 
clalms. 


“once-dominan( Latin ïn science”: Regarding the decline of Latin, except on the perlodic 
table: for whatever reason, when a West German team bagged element 108 1n 19854, they decided to 
name 1t hassium, after the Latin name for part of Germany (Hesse), Instead of naming 1t 
deutschlandium or some such thing. 


“recfilinear shapes”: It”s not a new version of the periodic table, but 1s certainly a new way 
to present 1t. In Oxford, England, periodic table taxIcabs and buses are running people around town. 
They re paInted tires to roof with different colunms and rows of elemenfs, mostly 1n pastel hues. The 
fñeet 1s sponsored by the Oxford Sclence Park You can see a plicfure at 
http:/www.oxfordinspires.org/newsfromlmageWorks.htm. 

You can also view the periodic table in more than two hundred different languages, Including 
dead languages like Coptic and Egyptian hieroglyphnc, af 


http:/www.Jergym.hiedu.cz/~canovm/vyhledav/chemic12.html. 
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